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FOREWORD 


This  Technical  Report  covers  the  work  performed  under  Air  Force 
Contract  F-33&1 5-75-C-5222  from  20  June  1975  to  30  July  1976.  It 
was  submitted  by  the  authors  in  September  1976. 

This  contract  with  TRW  Inc.,  23555  Euclid  Avenue,  Cleveland,  Ohio 
^^117,  was  initiated  under  Project  7351-  It  is  being  performed  under 
the  technical  direction  of  Mr.  William  Schulz  and  Mr.  Philip  Parmley, 

Air  Force  Materials  Laboratory,  Advanced  Development  Division,  Wright- 
Patterson  Air  Force  Base,  Ohio  ^5^33.  A portion  of  the  contract  is 
being  performed  by  the  Aircraft  Engine  Group  of  the  General  Electric 
Company  under  a subcontract  TRW  purchase  order  88-35977.  This  report 
has  been  given  TRW  report  number  ER-7850-2. 

At  TRW  Dr.  G.  S.  Doble  was  Program  Manager,  working  under  the 
direction  of  Dr.  I.  J.  Toth,  Manager  of  Materials  Development. 

Mr.  P.  Melnyk  was  the  project  engineer  responsible  for  material  fabri- 
cation. At  General  Electric  the  Program  Manager  was  Mr.  A.  J.  Albright. 
The  GE  project  engineer  was  Mr.  M.  W.  Stanley  working  under  the  direction 
of  Mr.  R.  G.  Stabrylla,  Technical  Program  Manager. 
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SECTION  I 


INTRODUCTION 

Boron-aluminum  composites  are  characterized  by  very  high  modulus  and 
strength  levels.  Incorporation  of  boron-aluminum  into  the  fan  section  of  a 
gas  turbine  engine  has  the  potential  to  make  major  improvements  in  the  engine 
because  of  the  large  size  and  weight  of  the  fan.  Significant  improvements  in 
cost,  weight,  efficiency  (fuel  consumption)  and  life  cycle  costs  can  be 
realized.  However,  utilization  of  boron-aluminum  composites  requires  low 
cost  fabrication  and  improved  FOD  resistance  while  maintaining  the  design 
properties  required  for  the  blade. 

Significant  cost  reduction  may  be  achieved  by  air  bonding.  The  advantages 
of  air  bonding  are  that  the  process  is  low  in  cost,  requires  minimal  capital 
investment,  employes  existing  hot  die  technology  and  facilities,  offers  ease 
of  automation  and  produces  properties  equivalent  to  vacuum  bonding.  The  key 
to  the  successful  bonding  of  aluminum  composites  in  air,  as  practiced  by  TRW, 
lies  in  the  use  of  a surface  treatment  which  removes  oxide  and  roughens  the 
surface.  The  surface  preparation  is  used  in  both  primary  and  secondary 
bonding  but  is  particularly  critical  in  the  latter  case.  The  prepared  surface 
contains  asperities  which  promote  localized  deformation  and  break  up  the 
oxide  layer  during  the  bonding  process. 

FOD  resistance  is  a primary  consideration  in  the  fabrication  of  boron- 
aluminum  for  fan  blades.  While  affected  by  filament,  matrix  composition,  and 
filament  orientation,  the  fabrication  parameters  have  an  overriding  influence 
on  the  final  impact  resistance.  The  TRW  rapid  air  bonding  process  is  well 
suited  to  providing  high  impact  resistance  through  the  use  of  a wrought 
ductile  energy  absorbing  matrix,  the  employment  of  a low  fabrication  temper- 
ature, and  the  use  of  a minimum  cycle  time.  The  versatility  of  rapid  heating 
and  cooling  afforded  by  air  bonding  is  an  important  element  in  maintaining 
FOD  resistance. 

The  program  objective  was  to  develop  and  validate  the  low  cost  air 
bonding  process  for  use  in  blade  fabrication.  The  program  investigated  air 
bonding  fabrication  parameters  for  three  different  boron-aluminum  systems 
which  included  the  three  aluminum  alloys  of  major  interest  in  composites; 

1100,  6061  and  202k  aluminum.  After  parameters  were  established,  properties 
of  the  three  systems  were  determined  for  fiber  orientations  and  panel  thick- 
nesses of  interest  for  blade  application.  One  system,  3 mil  boron-1100 
aluminum,  was  then  selected  for  further  property  evaluation.  Throughout  the 
program  the  properties  obtained  were  compared  to  the  properties  required  in  a 
representative  advanced  fan  blade,  the  JIOl  stage  1 fan  blade.  To  provide 
this  comparison  the  General  Electric  Company,  under  a subcontract,  performed 
an  analytical  study  of  steady  state  stress  and  transient  impact  responses  of 
the  JlOl  blade  geometry  using  various  composite  constructions. 
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SECTION  I I 


BACKGROUND 


The  TRW  rapid  air  bonding  process  has  evolved  by  modification  of  standard 
industry  practices  in  fabrication  of  boron-a I umi num . The  driving  forces  have 
been  cost  reduction,  process  versatility  and  property  improvement.  The 
important  elements  of  the  process  are  not  only  the  use  of  an  air  atmosphere 
but  also  the  reduction  of  cycle  time,  the  use  of  fully  dense  monotapes,  mono- 
tape surface  preparation,  and  hot  insertion  with  rapid  cooling.  A brief 
review  of  the  process  development  will  be  discussed  here. 

Fabrication  of  boron-aluminum  complex  shapes  such  as  a fan  blade  can  be 
accomplished  using  a partially  densified  monotape  such  as  a plasma  tape,  some 
type  of  green  tape  which  has  a fugitive  binder,  or  a fully  dense  monotape. 
Formerly,  panel  and  blade  fabrication  was  performed  in  vacuum  using  very  long 
cycles.  Typically,  the  panel  or  blade  was  started  at  room  temperature,  slowly 
raised  to  the  bonding  temperature,  usually  with  provision  for  a lengthy  out- 
gassing  cycle,  and  used  a very  long  bonding  cycle,  one  to  four  hours  not  being 
uncommon.  The  rational  for  such  a cycle  was  the  desire  to  minimize  internal 
and  external  oxidation  of  the  monotape,  to  completely  bake  out  the  vacuum 
system,  and  to  volatilize  all  of  the  fugitive  binder  at  a low  temperature. 

Gradually,  at  TRW  and  other  sources,  the  vacuum  cycle  has  been  reduced. 
Insertion  of  the  composite  between  hot  dies  and  rapid  cooling  has  reduced  the 
dwell  time.  With  reduced  dwell  time  it  has  been  found  possible  to  reduce  the 
bonding  time.  Instead  of  a vacuum  chamber  a simple  bagging  system  has  been 
used.  Finally,  the  feasibility  of  a very  short  cycle  and  an  air  atmosphere 
was  demonstrated.  The  effectiveness  of  air  bonding  may  be  readily  explained, 
at  least  on  a qualitative  basis,  by  considering  the  oxidation  of  aluminum. 

Because  of  the  high  reactivity  of  aluminum  and  high  thermodynamic  stability 
of  aluminum  oxide,  aluminum  oxide  will  form  at  very  low  temperatures  and  low 
oxygen  partial  pressures.  The  pressures  found  in  commercial  vacuum  systems 
used  in  composite  fabrication,  particularly  during  system  bakedown  or  fugitive 
binder  outgassing,  plus  the  very  long  half  day  heating  cycles  result  in  an 
oxide  layer  which  must  be  broken  up  during  bonding.  The  key  to  successful 
bonding  of  aluminum  is  not  to  prevent  oxidation  but  to  minimize  the  thickness 
of  the  oxide  layer  and  provide  plastic  deformation  at  the  interface.  Successful 
air  bonding  requires  a very  short  cycle  time,  and  the  promotion  of  plastic 
deformation  at  the  bond  line. 

While  the  program  reported  here  was  concerned  with  secondary  fabrication 
in  air,  primary  fabrication  of  boron-aluminum  monotapes  in  air  has  been  demon- 
strated by  TRW  on  IRsD  programs.  Air  bonding  was  used  in  roll  diffusion  bonding 
of  monotapes  under  Air  Force  sponsorsh i p . ( 1 ) More  recently,  the  production 
of  boron-aluminum  monotape  by  step  diffusion  bonding  in  air  has  been  reported. (2) 
When  using  an  air  atmosphere  in  the  primary  fabrication  of  monotapes,  there  are 
two  potential  problems  that  could  occur;  oxidation  of  the  filament  with  sub- 
sequent loss  of  strength  and  oxidation  of  the  matrix  producing  poor  matrix-matrix 
or  filament  matrix  strength.  Under  the  heating  and  processing  cycles  used  in 
the  above  programs  and  with  the  geometry  of  filament  and  matrix,  there  was  no 
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loss  of  filament  strength  as  measured  by  monotape,  panel,  and  extracted 
filament  tests.  No  significant  contamination  at  the  matrix-matrix  or  fila- 
ment-matrix bond  line  was  found  by  microprobe,  scanning  electron  microscopy, 
metallography,  and  transverse  tensile  testing. 

While  the  use  of  an  air  atmosphere  is  certainly  practical  for  primary 
fabrication,  the  commercially  available  monotape  or  broadgood  materials  at  the 
initiation  of  the  program  were  all  fabricated  in  vacuum.  To  make  the  present 
program  s widely  applicable  as  possible,  as  well  as  to  isolate  the  variables 
in  secondary  air  bonding,  all  starting  monotapes  were  fabricated  in  vacuum. 
However",  the  air  bonding  process  developed  is  applicable  to  any  fully  dense 
monotape  starting  material  produced  in  either  air  or  vacuum. 

The  TRW  rapid  air  bonding  process  employs  monotapes,  fully  dense  and 
having  a wrought  matrix.  A monotape  is  advantageous  for  fabrication  of  a 
complex  blade  shape  because  of  the  improved  properties  which  result  from  the 
uniform  filament  distribution  and  alignment.  The  use  of  a wrought  matrix, 
that  is  using  monotapes  diffusion  bonded  from  foil  starting  material,  provides 
three  additional  advantages.  First,  the  monotapes  are  highly  formable  which 
is  a requirement  in  the  production  of  blades  with  a high  degree  of  twist  or 
section  change.  Second,  the  ductile  matrix  offers  superior  impact  resistance. 
Finally,  the  use  of  foil  provides  very  uniform  thickness.  The  use  of  a fully 
dense  starting  material  is  of  considerable  benefit  by  eliminating  debulking  in 
the  bonding  of  a blade  which  has  taper  and  section  thickness  differences. 

The  fully  dense  monotape  starting  material  has  a smooth  surface  finish 
which,  in  certain  alloy  systems,  may  be  difficult  to  bond.  To  promote  bonding 
an  inexpensive  chemical  surface  treatment  has  been  developed  by  TRW. (3)  As 
previously  stated,  the  tenacious  oxide  on  the  surface  of  aluminum  is  an 
impediment  to  bonding.  The  surface  treatment  both  removes  initial  oxide  and 
roughens  the  surface,  promoting  an  intimate  meta 1 -to-metal  interface.  Both 
mechanical  and  chemical  treatments  have  been  investigated  but  the  latter  is 
most  effective  in  providing  an  appropriate  surface  topography.  The  important 
features  of  this  process  are  the  improved  bondability  of  difficult  to  bond 
systems,  the  ability  to  bond  at  low  temperatures,  and  the  employment  of  an 
air  atmosphere.  The  process  also  may  be  used  in  primary  fabrication  to  provide 
adjustment  in  interfacial  f i 1 amen t-ma t r i x bond  strength. 

The  purpose  of  the  program  reported  here  is  to  demonstrate  and  validate 
that  air  bonding  can  be  applied  to  a number  of  composite  alloy  systems  and 
provide  properties  comparable  to  vacuum  bonded  material,  but  at  much  lower 
cost.  The  fabrication  conditions  and  experimental  design  have  been  directed 
toward  the  requirements  of  advanced  fan  blades.  Specimen  geometry,  fiber 
orientation,  composite  systems,  FOD  resistance,  and  fabrication  cycles  have 
been  chosen  with  regard  to  the  properties  needed  for  a first  stage  fan  blade. 
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SECTION  III 


PROGRAM  OUTLINE 


Task  I 


A schematic  of  the  program  outline  is  presented  in  Table  1.  The 
first  task  was  the  fabrication  and  quality  control  of  monotapes  to  be 
used  in  later  tasks.  Monotapes  were  fabricated  by  press  diffusion 
bonding  in  vacuum  using  conditions  selected  from  previous  experience  and 
were  selected  to  provide  maximum  impact  resistance  rather  than  maximum 
strength. 

Task  I I 

The  2nd  task  was  the  optimization  of  secondary  air  bonding  parameters. 

A series  of  monotape  time-temperature  exposures  was  conducted  to  evaluate 
the  resistance  to  thermal  interaction.  The  residual  tensile  strength 
was  used  as  a measure  of  the  degree  of  reaction.  Four-ply  unidirectional 
panels  were  then  fabricated  by  air  bonding  and  screened  by  interlaminar 
shear  and  tensile  testing.  The  objective  was  to  use  time-temperature 
conditions  which  were  adequate  for  a good  matrix-matrix  bond,  as  measured 
by  interlaminar  shear  stress,  while  not  providing  filament-matrix  interaction, 
as  reflected  in  a drop  in  the  tensile  strength.  Two  matrix  systems  were 
pre-selected  for  this  optimization  task,  1100  aluminum  and  an  1100/2024 
hybrid.  The  hybrid  construction  consisted  of  a monotape  with  a layer  of 
1100  on  one  side  and  2024  on  the  other.  One  set  of  processing  parameters 
was  selected  for  each  system. 

Task  I I I 

The  processing  parameters  were  then  used  to  produce  test  panels  in 
±15°  orientation  of  each  system.  Properties  measured  in  screening  the 
two  systems  are  summarized  in  Table  2.  In  addition,  a third  system  was 
selected  after  screening  the  first  two  systems.  The  third  system  was  a 
606l  aluminum  matrix  selected  because  of  its  wide  use  in  boron-aluminum 
applicatons.  Because  of  the  large  amount  of  fabrication  data  on  6o6l 
the  conditions  for  primary  and  secondary  fabrication  were  selected 
without  optimization  studies. 

Task  IV 

The  properties  measured  in  the  screening  3td  task  were  compared 
with  the  design  requirements  for  an  advanced  fan  blade,  the  stage 
1 J-101.  These  requirements  were  established  in  an  analytical  finite 
element  study  conducted  by  General  Electric.  These  analyses  include 
four  frequency  and  stress  cases.  The  first  two  cases  were  frequency, 
nodal  pattern,  steady  state  stress  and  deflection  determination  of  two 
material  properties  resulting  from  boron  fiber  orientation  variations. 

The  next  two  cases  were  evaluation  of  the  vibratory  stress  and  deflection 
distributions  induced  in  the  blade  in  the  first  flexural  and  first 
torsional  frequency  modes.  The  blade  finite  element  analyses  also  included 
four  transient  impact  cases  for  bird  ingestion.  Cases  considered  were 
starling,  medium  and  large  size  bird  strikes  at  70%  blade  span  during 
take-off  conditions.  The  results  of  these  analyses  were  to  provide  the 
blade  impact  response  for  variation  in  bird  size. 
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TABLE  2 


SYSTEM  SCREENING 
Room  Temperature 


TENSILE 

LONGITUDINAL  (2) 
TRANSVERSE  (2) 

3 POINT  BENDING  (2) 

FATIGUE 

FLEXURAL  (2) 

TORSIONAL  (2) 

FULL  SIZE  CHARPY 

LONGITUDINAL  (2) 
TRANSVERSE  (2) 

INTERLAMINAR  SHEAR  (2) 
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Task  V 6 VI 


Based  upon  a comparison  of  mechanical  properties  and  analytical  require- 
ments, one  system  was  selected  for  evaluation.  Selection  was  based  upon  the 
highest  FOD  resistant  material  meeting  projected  blade  requirements.  The  1100 
system  was  selected  in  Task  VI  and  the  properties  listed  in  Table  3 determined 
in  Task  VII. 

Task  VI  I 

Following  the  property  evaluation,  a preliminary  material  and  processing 
specification  was  written.  Included  was  raw  material  requirements,  primary 
fabrication  by  diffusion  bonding,  and  composite  fabrication  by  secondary  bonding 
of  fully  consolidated  monotapes  in  air.  A preliminary  cost  analysis  was 
performed  to  illustrate  the  projected  cost  savings  over  vacuum  bonding. 


TABLE  3 


MATERIAL  EVALUATION 

350°F  TENSILE 

LONGITUDINAL 

TRANSVERSE 

350"F  3 POINT  BENDING 

350"F  FATIGUE 

FLEXURAL 

TORSIONAL 

350"F  INTERLAMINAR  SHEAR 

RT  MODULUS 

LONGITUDINAL 

TRANSVERSE 

UN-NOTCHED  THIN  PANEL  CHARPY 
RESISTANCE  TO  SALT  CORROSION 
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StCTION  IV 


RESULTS  AND  DISCUSSION 


This  proyram  on  air  bonditty  ol'  boron-aluminum  was  performed  with 
fully  dense  vacuum  bonded  monotapes  as  start  iny  material.  The  monotJ()es 
were  air  bonded  together  using  various  parameters  and  the  properties  sub- 
sequently determined  to  be  comparable  to  vacuum  bonded  material.  Borot^^^ 
filament  diameter  was  8 mils  selected  for  improved  imfiact  resistance. 

The  nominal  volume  fraction  was  55  volume  percent.  The  volume  fraction 
was  controlled  by  the  filament  spacing  and  monotape  thickness  which  were 
held  constant.  No  adjustment  was  made  for  variation  in  filament  diameter 
which  would  chanye  the  volume  fraction  slightly.  The  monotape  fabrication 
conditions  were  chosen  from  previous  programs  and  no  atteirpt  ivas  made  to 
shorten  the  15  minute  consolidation  time  although  this  would  certainly  be 
possible  upon  the  results  of  monotape  fabrication  by  roll  diffusi(tn 

bond i ng  . 

Three  major  matrix  systems  were  chosen  for  study.  The  first  was  I 1 00 
aluminum  which  is  acknt^^j  edged  to  provide  the  highest  energy  absorj^tion  of 
any  composite  matrix.  Because  the  1100  system  is  a ductile  but  lower 

strength  aluminum  alloy,  the  1I00/202A  hybrid  was  selected  for  a(jp I i ca t i ons 
or  locations  where  matrix  enhancement  might  be  required.  The  hybrid  is 
constructed  of  a monotape  with  1100  on  one  side  and  202l»  on  the  other.  After 
screening  of  the  1100  and  nOO/202^  systems,  the  606 1 ttiatrix  was  selected  as 
the  third  matrix.  The  606l  alloy  was  included  to  demonstrate  the  air  bonding 
process  to  a third  system  of  commercial  importance  and  because  it  was  hopetl 
that  the  alloy  would  provide  the  improved  strength  of  the  hybrid  with  better 
impact  resistance. 
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A.  fkimary  fabrication 


Boron-a  1 iimi  nuni  monotypes  wore  pi'oduced  by  windiiuj  ihe  t ibers  on  o 
Inline  dinneu-r  mandrel  to  provide  the  desired  sl'.icitui  and  held  loqether 
by  an  orqanic  binder,  polystyrene,  which  is  subsef(uent  I y rem(jved  by 
volatilisation  during  the  hot  pressim)  cycle.  The  filaments  are  ivf)und 
directly  onto  the  mandrel  and  stripped  off  when  dry,  formint)  a I i lament 
nat.  The  collimated  filament  layers  are  then  sandwiched  between  two 
matrix  foil  layers.  The  assembly  is  [>laced  In  vacuum  chambi-r  which  is 
inserted  between  hot  dies  vjith  a clampinti  load  to  maintain  filament 
jliunment.  A dynamic  vacuum  is  jua i n t a I rn>d  during  pressing.  The  package 
ha ^ a low  thermal  mass  and  comes  to  tem()erature  quickly,  the  exact  time 
deuendifig  upon  the  number  of  fiionotapes  being  ()roduced.  The  consolidation 
li,)K'  IMS  measured  after  the  package  was  at  tomirera  t are . After  pressing 
the  encapsulator  is  removed  from  the  dies  and  air  cooled. 

All  monotapes  were  made  at  SSO'F,  I5  minutes,  8 KS I which  was  selected 
on  the  basis  of  previous  TRW  experience.  Af  tet  [iroperty  evaluation  it  ivas 
found  that  the  [>rimary  fabrication  temperature  affects  shear  strength  so  runs 
made  in  later  tasks  used  a |300'’F  primary  fabrication  tem|)crature  for  the  1100 
system.  Typical  monotapes  are  shown  in  Ficpjre  I.  Note  that  thellOO  alloy 
is  softer  than  the  2024  and  extrudes  further  between  the  fiber.  A metai- 
loqraphic  sample  from  each  run  revealed  full  consolidation  for  all  motiotapes 
of  I 1 00  and  100/2024.  The  606 1 alloy  i>roduced  in  a later  task  was  not  fully 
con  a.)  I i da  t ed  after  primary  fabrication  at  85O  F,  but  was  fully  dense  after 
subsequent  secondary  fabrication. 

As  part  of  incoming  material  c|uality  contrr)|,  a mon<Jtape  selected  at 
random  from  each  pressing  run  was  characterized  by  visual  inspc'Ction,  longi- 
tudinal tensile  tests,  rad  i oq  ra|)hy  , ultrascjnic  C-scan,  thickness  measure- 
men  t , and  o()tical  microscopy.  This  quality  control  program  was  used  to 
irtsurc'  th.it  the  panels  produced  vjcre  ot  suitable  quality.  The  visual  in- 
spection is  a powerful  tool  in  monotape  manulacture  because  the  thinness  of 
the  layer  makes  this  a sensitive  mi'thod  for  examlniiK)  gross  filament  cracking, 
gaps,  or  lack  of  bonding,  particularly  at  the  corners.  Radiography  was  used 
to  observe  filament  breakacp’.  A typical  radiogra()h  is  shown  enlarged  in 
Figure  2 The  excellent  Filament  distribution,  alignment  and  absence  of  fila- 
ment breakup  is  aiiparont.  Longitudinal  monotape  tensile  tests  were  run  on 
ut>  i d i r ec  t I ona  I monotape  hut  showed  considerable  expe-r  irnen  la  1 scatter.  Mono- 
tapies  which  provided  low  strength  subseguently  produced  panels  with  high 
strength.  L.itei  monotapes  made  with  15  f i lament  orientation  were  par- 
t Icular  ly  difi  icult  tc.)  test  and  results  were  not  iud<ied  sicinificant  for 
qua  I i t y Cf>n  i ro  I . 

Ultrasonic.  C-scan  and  optical  microscopy  were  used  to  determine  if 
bondinq  was  coirpletc'.  Boron-,)  I urn  i luim  rocpjiic's  sensitive  inspection  methods 
lor  bondinq  bec,)use  full  consolidation  and  density  may  be  achievc'd  without 
.1  completi'  (,ie  t a I I u rc]  i ca  I bond.  C.trc'ful  mo  1 a I I oc|  rapb  i c prepaiation  was 
the  bi'st  way  to  verily  the  presence  of  .)  mela  I I urej  i ca  I bond  and  freedom 
from  oxide  ,)t  the  inti'rf.ice,  both  in  monotapes  and  panels.  The  C-scans 
easily  picked  out  mnnota()es  which  were  not  fully  consolidated.  An  c'xample 
is  shown  in  Figure  3. 
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8 Mil  Boron- 1 1 00/202^  Aluminum 


Figure  1.  As  Fabricated  Monotape 


Etched 


gure  2.  Radiograph  of  Monotape  Illustrating  Good  Filament  Distribution,  Alignment 
and  Absence  of  Filament  Breaks. 


Figure  3-  Correlation  of  Ultrasonic  C Scan  and  Meta  I lography  in  the  Quality  Control  of 
Mo no tapes . 


B.  OPTIMIZATION  OF  SECONDARY  AIR  BONDING  PARAMETERS 


After  primary  fabrication  the  monotapes  were  surface  treated  and 
assembled  into  the  desired  panel  thickness  and  configuration.  The 
assembled  monotapes  were  placed  between  hot  flat  dies  in  air  and  clamped 
until  bonding  temperature  was  reached.  Steel  plates  were  placed  on  the 
top  and  bottom  of  the  assembly  to  prevent  die  sticking  and  distribute 
load.  The  bonding  load  was  applied  and  the  bonding  time  measured  from 
this  time.  Only  the  1100  and  the  I100/202A  systems  were  studied  at  this 
time. 


While  the  feasibility  of  air  bonding  has  previously  been  established, 
the  conditions  for  a balance  of  properties  was  not  known.  The  ideal  cycle 
is  as  low  a bonding  temperature  as  possible  to  improve  impact  properties 
with  as  short  a bonding  time  as  possible  to  reduce  cost.  If  the  bonding 
cycle  is  too  long  or  at  too  high  a temperature,  the  tensile  and  impact 
strength  will  decrease  because  of  filament  matrix  interaction.  If  the 
bonding  cycle  is  too  short  or  at  too  low  a temperature,  the  monotapes  will 
not  bond  together.  The  tests  used  for  the  effectiveness  of  the  secondary 
bonding  cycle  were  tensile  tests  and  interlaminar  shear  tests.  In  addition, 
the  residual  tensile  strength  of  monotapes  after  thermal  exposure  was 
determined.  Because  of  the  thin  panel  sizes  used  in  the  program,  I4  to  8 
ply  thickness,  the  relationship  between  bonding  tipiie  and  cycle  time  was 
very  close.  However,  even  very  small  fan  blades  have  thicknesses  of  one 
inch  and  ply  numbers  up  to  1 50  in  the  dovetail.  Because  of  the  finite 
heating  times  required  for  real  blades,  the  cycle  times  in  this  program, 
and  therefore  the  bonding  times,  were  kept  in  the  more  realistic  range  of  15 
minutes  rather  than  a few  minutes. 

Monotapes  were  given  a series  of  t i me- tempera t u re  exnosures  from  850”F 
2 hours  to  950"F  15  minutes  using  a total  of  26  runs.  The  objective  was 
to  simulate  potential  secondary  bonding  cycle  to  establish  conditions  under 
which  no  significant  f i I amen t -ma t r i x reaction  occurred  to  lower  mechanical 
properties.  Monotape  tensile  results  are  shovjn  in  Tables  A and  5-  The 
values  are  listed  as  a percentage  of  the  as-fabricated  tensile  strength 
which  ranged  from  13-210  ksi.  Values  are  the  average  of  two  tests.  While 
the  results  show  some  scatter,  the  following  conclusions  can  be  drawn; 

1)  The  1100  matrix  is  relatively  resistant  to  f i I ament -ma I r i x 
reaction.  Using  the  requirement  of  80<;  strength  retention 
after  exposure,  degradation  did  not  occur  at  950"F/I5  minutes. 

2)  The  I IOO/202A  hybrid  is  also  relatively  stable  but  does 
undergo  some  loss  of  strength.  The  low  strength  at  950°F 

is  due  to  some  liquid  phase  present  in  202A  at  this  tempera- 
ture, the  solidus  temperature  being  935"F. 


TABLE  k 


RESIDUAL  TENSILE  STRENGTH  OF  8 MIL  BORON-1  1 00/202A  ALUMINUM 
MONOTAPES  AFTER  THERMAL  EXPOSURE 
(PERCENT  OF  AS -FABR I CATE D STRENGTH) 


Exposu  re 

Exposure 

Time  (Minutes) 

Temperature 

(°F) 

J_5 

30 

120 

950 

56 

925 

8k 

77 

900 

81 

8k 

875 

79 

91 

850 

76 

80 

825 

100 

83 

800 

95 
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TABLE  5 


RESIDUAL  TENSILE  STRENGTH  OF  8 MIL  BORON/1  100  ALUMINUM 
MONOTAPES  AFTER  THERMAL  EXPOSURE 
(PERCENT  OF  AS-FABRICATED  STRENGTH) 


Exposure 

Exposure  Time 

(M i nutes) 

Temperature 

(“f) 

11 

30 

60_ 

120 

950 

78 

925 

69 

86 

900 

78 

83 

875 

95 

Sh 

850 

97 

97 

825 

98 

93 

800 

83 

91 
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The  efficiency  of  the  rapid  air  bonding  process  was  measured  by 
tensile  testino  and  shear  testing  of  the  matrix-matrix  bond.  Test  panels 
vjere  made  of  4-ply  un  i d i rec  t i ona  I I y reinforced  8 mil  boron-1100  atid 
1100/2024  with  all  monotapes  made  under  common  processing  conditions  of 
850"F,  15  minute,  8 KS I . These  conditions  were  selected  on  the  basis 
of  impact  resistance  and  were  based  on  results  obtained  on  another  program. 
Except  where  noted,  the  monotapes  were  sized  in  thickness  to  provide  a 55 
volume  percent  reinforcement.  After  surface  preparation,  the  monolapes 
were  bonded  tOf)ethcr  in  air  at  temperatures  of  825°E-925°E,  times  of  5*30 
minutes,  and  pressures  of  8-10  KS I . Typical  microstructures  are  shown  in 
Figures  4 and  5.  No  evidence  of  oxide  or  con  tarn i na t i on  is  present  at  the 
air  bonded  interface. 

The  specimen  used  for  determination  oF  interlaminar  shear  strength 
was  a double  notch  specinien  and  is  illustrated  in  Figure  6.  The  specimen 
was  selected  specifically  to  force  failure  between  monotape  layers.  As  in 
all  shear  specimen  configurations,  the  method  has  some  limitations.  It  is 
known  that  the  shear  stress  distribution  is  not  uniform,  rising  sharply 
at  the  notches.  The  specimen  also  has  a bending  moment  resulting  from  the 
nonlinear  load  application.  Finally,  there  is  at  least  some  scatter  due  to 
machining  and  testing  procedure.  In  the  following  tabular  data  presenta- 
tion, for  instance,  the  first  and  duplicate  soecimens  were  machined  and 
tested  in  separate  batches  but  the  first  specimen  was  always  lower  in  strength. 

The  resulting  data  should  be  regarded  on  a comparative  rather  than  on 
an  absolute  basis.  Specimens  with  the  distance  between  notches  increased 
from  1/8"  to  3/8"  on  panels  of  5.8  boron-606l  aluminum  provided  from  another 
program  produced  shear  strength  decreases  of  100'.  The  selection  of  the 
1/4"  distance  was  conservative  on  this  basis.  A comparison  betvjeen  double 
notch  shear  results  and  short  beam  shear  under  three  point  loading  is  shown 
in  Table  6.  These  data  were  obtained  by  shear  testing  an  8 ply  double 
notch  specimen  and  subsequently  testinc]  the  two  halves  of  the  specimen  so 
that  the  same  snecimen  v/as  tested  by  both  f)rocedures.  Again  the  double  notch 
shear  specimen  provides  a lower,  and,  therefore,  conservative  shear  strength. 

Tensile  and  shear  results  are  summarized  in  Table  7 for  3 mil  boron- 
1100  aluminum.  Uncorrected  shear  strength  values  ranged  from  2-5.8  KS 1 
with  the  higher  values  obtained  at  the  higher  bonding  temperatures  and 
times.  Tensile  strength  values  were  from  170-210  KS I and  showed  no  system- 
atic variation  with  secondary  bonding  parameters.  Shear  and  tensile 
results  for  the  hybrid  3 mil  boron- 1 1 00/2024  aluminum  are  shown  in  Table  8. 
Shear  strength  levels  were  higher  than  the  1100  aluminum  matrix  with  a 
value  of  8-9.3  KS I being  obtained.  The  tensile  strength  was  generally 
higher  than  the  1100  matrix  specimens. 

The  shear  strength  values  obtained  were  below  the  9 KS I handbook 
value  of  the  shear  strength  for  annealed  1100  aluminum,  even  when  corrected 
for  specimen  geometry.  The  reason  for  the  lower  strength  was  evident  from 
observations  of  the  fracture  surface.  The  failure  was  between  the  filament 
and  matrix  indicating  that  this  region  is  a weak  link  in  shear.  The  failure 
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TABLE  6 


COMPARISON  OF  DOUBLE  NOTCH  AND 
SHORT  BEAM  SHEAR  STRENGTH 

(8B-1 100  A1 umi num) 


Double  Short 

Notch  Beam 

Specimen  Shear 

Shear  Strength  (KSl)  h,k00  7,300 

3,750  7,300 

6,530 
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surface  is  sciiema  t i ca  I I y illustrated  in  figure  7-  All  rnonotapes  were  made 
in  vacuum,  while  the  panels  were  made  in  air.  The  dotted  failure  path  is 
between  the  vacuum  bonded  f i I amen t -ma t r i x and  then  through  the  thin  bridge 
of  vacuum  bonded  nua  1 1 i x rather  than  the  matrix-matrix  air  bonded  interface, 
figures  8 and  9 illustrate  the  shear  failures  obtained  from  the  two  systems. 

In  both  cases  the  failure  is  in  the  filament-1100  aluminum  interface.  It  is 
apparent  that  the  primary  fabrication  conditions  employed  did  not  produce  a 
strong  filament-matrix  bond  between  the  boron  and  the  1100  aluminum.  Scanning 
electron  micrographs  of  the  boron-1100  aluminum  system  shown  in  figure  10 
reveal  the  clean  filaments  after  shear  failure  and  the  ductile  failure  of  the 
matrix  in  between  filaments.  The  lack  of  adhesion  between  filament  and  matrix 
was  also  noted  during  tensile  testing  of  8 mil  boron-1100  aluminum  by  the 
presence  of  extensive  filament  pullout.  The  lower  strength  of  the  1100  matrix 
composite  compared  to  the  hybrid  1100/2024  composite  is  due  to  the  filament 
pullout  which  produces  a composite  strength  close  to  the  filament  bundle  strength. 

Because  the  interface  between  filament  and  matrix  appeared  to  be  limiting 
the  sliear  strengtii,  several  methods  of  improving  the  bond  were  examined.  A 
primary  surface  prepatation  was  Included  in  one  case  prior  to  monotape  consoli- 
dation. A seci'nd  set  of  monotapes  was  made  at  lOOO^f.  For  comparison,  an 
eight-ply  specinien  was  also  fabricated.  Test  results  are  shown  in  Table  9 for 
panels  made  at  S/S'V,  15  minutes,  10  K5 1 . The  improvement  in  strength  in  all 
cases  is  apparent  and  the  7-8.5  KS I obtained  v/ith  the  lOOO^F  monotape  is 
particulai ly  encouraging  compared  to  the  9 KS 1 sliear  strength  of  the  matrix. 
Failure  was  still  at  the  f i i amen t -mat r i x interface  but  the  improved  adhesion 
of  matrix  to  filament  is  shown  in  Figure  11.  The  tensile  strength  of  the  panels 
is  reduced  on  this  series  of  experiments  because  the  volume  fraction  was 
reduced  to  40  volume  percent.  Primary  fabrication  at  1000  F produced  further 
drop  in  tensile  strength  of  approximately  10  percent. 

To  furtiier  evaluate  the  effect  of  primary  surface  preparation  and  primary 
fabrication  temperature,  monotapes  were  prepared  of  8 B-llOO  aluminum  using 
primary  fabrication  temperature  of  900'^-950°F  with  and  witliout  primary  surface 
preparation.  The  monotapes  were  air  bonded  into  panels  at  925°F.  Shear 
strength  of  ttiese  panels  was  very  low  with  failure  taking  place  at  the 
na t r ix-na t r i X inteiface.  A duplicate  set  of  panels  was  made  with  similar 
results.  Analysis  of  the  fracture  characteristics  indicates  that  these  panels 
were  on  llic  tliin  side  of  the  d i 'aens  i ona  I tolerance  and  the  thin  cover  skin  did 
not  provide  sufficient  material  for  bonding.  This  effect  has  been  more  fully 
documented  in  vacuum  bondinq  on  another  program  and  is  not  a result  of  air 
bofid  i na . 
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C.  SCREEN  CANDIDATE  MATERIAL 

The  results  of  secondary  bonding  were  reviewed  and  the  following  systems 
and  conditions  selected  for  screening.  No  primary  surface  treatment  was 
emp I oyed . 

8 mil  boron-1100  aluminum  ±15^ 

monotapes  fabricated  at  900°F  15  minutes  8 KS I 

secondary  bond  in  air  at  925°F  15  minutes  10  KS I 

8 mil  boron-1 100/202A  aluminum  ±15° 
monotapes  fabricated  at  850°F  15  minutes  8 KS I 
secondary  bonding  in  air  at  910°F  15  minutes  10  KS I 

The  preliminary  J-101  stress  analysis  indicated  a maximum  requirement  of 
5-6  KS I shear  stress  under  steady  state  conditions.  The  conditions  selected 
for  secondary  bonding  were,  in  general,  the  highest  times  and  temperatures  used 
in  order  to  acliieve  this  shear  strength.  The  910°F  temperature  picked  for  the 
hybrid  was  chosen  so  as  to  be  25°F  below  the  solidus  of  202A  aluminum.  The 
primary  fabrication  temperature  of  the  1100  aluminum  was  increased  from  85O  F 
to  900°F  to  insure  adequate  consolidation  and  improve  the  filament-matrix  bond. 

A third  system  was  also  selected  which  was  the  8 mil  boron-606l  aluminum 
which  employed  the  following  fabrication  parameters: 

8 mil  boron-6061  aluminum  ±15° 

monotapes  fabricated  at  850°F  15  minutes  8 KS I 

secondary  bonding  in  air  at  900^F  15  minutes  10  KS I 

Monotapes  were  not  completely  consolidated  after  primary  fabrication  but  the 
panel  was  fully  consolidated  after  secondary  fabrication.  The  8 mil  boron-606l 
system  was  included  in  the  program  because  it  is  a widely  used  system  with 
impact  properties  reported  from  moderate  to  good.  It  was  also  considered 
beneficial  to  demonstrate  the  applicability  of  a i r bonding  to  a third  alloy 
matrix. 

A brief  study  was  also  made  ofa  modified  hybrid  construction.  The 
composite  consisted  of  a monotape  of  2024  aluminum  sized  just  thick  enough  to 
cover  the  filaments.  When  assembled  into  panels,  layers  of  1100  aluminum  were 
added  in  between  the  monotape  as  shown  in  Figure  12.  The  purpose  was  to  improve 
the  shear  strength  of  the  composite  by  surrounding  the  filament  with  2024  while 
providing  layers  of  1100  to  add  impact  resistance.  A single  Charpy  panel  was 
made  of  this  material  at  910°F/15  minutes  /10  KS I . 

Panels  from  all  four  systems  were  fabricated  by  air  bonding  using  a ±15° 
filament  orientation  and  an  8 ply  thickness  for  test  panels  and  a 0.4l  inch 
thickness  for  the  Charpy  panels.  The  thicknesses  of  1100  and  2024  in  the  hybrid 
construction  were  adjusted  to  provide  an  equal  thickness  of  each  material. 
Representative  microstructures  are  shown  in  Figures  12  and  13-  The  clean  bond 
line  for  the  6O6I  and  modified  hybrid  constructions  is  shown  in  Figure  14. 
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Properties  of  the  systems  are  summarized  in  Table  10.  Tensile  strength 
was  determined  from  1/4  inch  vjide  longitudinal  and  1/2  inch  wide  transverse 
specimens  with  aluminum  tabs  adhesively  bonded  at  the  grips.  Both  longitudinal 
and  transverse  tensile  strength  are  highest  in  606l , then  the  1100/2024  hydrid, 
and  the  1100  matrix.  Tensile  failure  was  planar  in  the  606l  fractures,  while 
considerable  filament  pullout  occurred  in  the  1100  matrix.  The  1100/2024 
hybrid  showed  some  pullout. 

Shear  strength  measured  by  the  double  notch  specimen  was  in  the  same 
range  for  the  ±15  filament  orientation  as  in  the  previous  unidirectional 
panels.  Fractograph i c observation  also  agreed  with  previous  data  in  showing 
a f i lamen t/ma t r i X failure  for  the  1100  and  1100/2024  hybrid.  The  606l  gave 
a high  shear  strength  and  the  fracture,  shown  in  Figure  15,  did  not  generally 
include  filament/matrix  failure.  The  three  point  bending  test  gave  higher  shear 
values  than  the  notched  specimens  for  all  systems  but  the  606l . Three  point 
bend  testing  v^/as  used  as  an  alternate  method  of  measuring  interlaminar  shear 
strength.  Specimen  size  was  1/2  inch  x 0.080  inch  thickness  with  spans  of 
0.350  inch  and  0.510  inch  used  on  different  ends  of  the  same  specimen.  Shear 
failure  was  judged  by  either  a significant  deflection  in  the  load-crosshead 
curve,  observation  of  specimen  shear  failure,  or  an  audible  failure  without 
observing  flexural  failure.  The  shear  strength  of  1100  and  6O6I  was  measured 
using  a deviation  from  linearity  that  was  very  difficult  to  accurately  measure. 
The  1100/2024  hybrid  exhibited  a sharp  inflection  with  shear  failure.  The 
load  continued  to  increase  in  all  systems  and  the  maximum  point  is  taken  as 
the  maximum  flexure  strength.  This  value  is  consistently  higher  than  the 
tensile  strength  although  showing  some  scatter. 

Fatigue  specimens  were  sectioned  to  1 inch  x 4 inches  x O.O8O  inch  with 
a reduced  section  5/8  inch  wide  between  circular  notches  5/32  inch  in  radius. 

The  end  of  the  cantilever  specimen  was  clamped  and  the  free  end  excited 
acoustically.  Surface  strain  was  monitored  with  strain  gages.  Fatigue  test 
results  are  listed  in  Table  10.  The  specimens  were  run  5 x 10°  cycles  at  one 
stress  level  and  the  stress  increased  for  another  5 x 10°  cycles  until  failure 
occurred.  While  the  data  show  some  scatter,  failure  in  flexural  fatigue 
correlated  with  the  tensile  strength,  the  1100/2024  hybrid  and  6O6I  having  the 
highest  flexural  fatigue  strength  and  the  1100  lower  flexural  fatigue  strength. 
The  6061  provided  the  highest  torsional  fatigue  strength  while  the  1100/2024 
hybrid  and  the  1100  had  lower  torsional  fatigue  strength.  Torsional  fatigue 
strength  appears  to  correlate  with  interlaminar  shear  strength. 

Results  of  impact  testing  standard  0.394  inch  Charpy  specimens  are 
summarized  in  Table  10  and  fractured  Charpy  specimens  are  shown  in  Figure  I6. 

The  1100  specimen  which  absorbed  4/  ft-lb  of  energy  exhibits  gross  specimen 
deformation  as  well  as  filament  pullout.  The  modified  1100/2024  hybrid  was 
the  poorest  of  the  group  and  was  dropped  from  study  at  this  point.  The  606I 
and  1100/2024  hybrid  have  slight  indications  of  filament  pullout.  Scanning 
electron  microgrphs  of  the  fractures  are  shown  in  Figures  1/  and  I8.  The 
filament  pullout  of  the  1100  is  again  obvious.  The  1100/2024  illustrates  an 
interesting  mixed  behavior  in  Figure  I8  where  pullout  of  the  1100  occurs  on 
one  half  of  the  filament,  the  top  of  the  micrograph,  while  the  2024  has  adhered 
very  strongly  other  half. 
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MECHANICAL  PROPERTIES  OF  CANDIDATE  SYSTEMS 


TABLE  10  (continued) 


MECHANICAL 

PROPERTIES 

OF  CANDIDATE  SYSTEMS 

Room  Temperature  Fatigue 

Matrix 

Mode 

Stress 

Cyc 1 es 

1100 

1 Flex 

'♦S.B 

437,000 

1100 

1 Flex 

hS.3 

Runout 

51  .6 

Runout 

S5.‘* 

1 ,386,253 

1100 

1 Torsional 

20 

Runout 

25 

Runout 

30 

1 ,903,200 

1 100/202A 

1 Flex 

'*5 

Runout 

50 

Runout 

55 

Runou  t 

60.2 

Runou  t 

65.2 

Runout 

70.3 

Runout 

75.3 

Runout 

78.3 

600,000 

1 100/202A 

1 Flex 

'♦5 

Runou  t 

50 

Runou  t 

55 

Runou  t 

60 

Runout 

65 

Runou  t 

70 

Runout 

75 

1 ,200,000 

1 100/202^4 

1 Torsional 

20 

Runou  t 

25 

6 X 10^  (fai  1( 

1 100/202A 

1 Torsional 

20 

Runou  t 

25 

Runout 

29.5 

3.9  X 10^ 

6061 

1 Flex 

Runou  t 

50 

Runout 

55 

Runou  t 

60 

Runou  t 

65 

Runout 

70 

192,223 

606l 

1 Flex 

Runou  t 

49.9 

Runou  t 

54.7 

Runou  t 

59.6 

Runout 

64.4 

Runou  t 

69.3 

Runou  t 

74.2 

5 X 108 

Runout  = 5 

X 10^  cycles. 

A1 1 stresses 

are  single  amplitude 

TABLE  10  (continued) 


hj  t r i X 

6061 


6061 


MFr.HANICAL  PROPERTIES  OF  CANDIDATE  SYSTEMS 


Hode 

1 Torsional 


1 Torsional 


Room  Temperature  Fatigue 


Stress 

Cycles 

20 

Runout 

25 

Runout 

30 

Runout 

35 

Runou  t 

AO 

Runout 

A5 

Runout 

50 

Runout 

55 

5 X 10^ 

20 

Runout 

25 

Runout 

30 

Runout 

35 

Runou  t 

AO 

Runout 

A5 

1 ,06A.000 

AO 


8 Mil  B - 1100/2024 
11.5  ft-lbs 


8 Mil  B - 1100/2024  A1  Modified  Hybrid 
7 ft-lbs 


figure  16.  Charpy  Impact  Specimens  of  *15 


Air  Bonded  Composite  Systems 
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Figure  17-  Scanning  Electron  Micrographs  of  Full  Size  Charpy 
Fracture  Surfaces  of  *15°  Air  Bonded  Specimens. 
Longitudinal  Orientation  lOX. 


Ballistic  impact  testing  was  performed  on  the  1100  and  I100/202A  systems. 
The  specimen  used  is  illustrated  in  Figure  19  which  simulates  a root  attach- 
ment bladelike  shape.  The  specimen  was  originally  designed  to  measure  the 
effectiveness  of  various  root  wedge  and  splay  geometries  as  well  as  material 
and  processing  variations.  The  specimen  lias  since  been  found  effective  in 
providing  a measure  of  resistance  to  so-called  gross  or  structural  damage. 

Like  most  ballistic  impact  tests,  maintaining  specimen  geometry,  projectile 
velocity,  and  projectile  energy  constant  will  produce  a ranking  of  material 
resistance  to  damage. 

The  ballistic  impact  testing  facility  is  illustrated  in  Figure  20.  The 
system  consists  of  a launch  tube  operated  by  helium  gas  pressure,  a RTV  rubbei 
projectile  which  is  carried  by  a styrofoam  sabot,  and  a timing  circuit 
employing  photodiode  sensors.  The  projectile  mass  was  about  5-1/^  grams  and 
the  two  test  velocities  used  were  nominally  550  and  900  feet  per  second.  The 
test  specimens  were  held  at  the  root  end  and  hit  3/^  inch  from  the  free  end 
with  the  projectile.  The  projectile  mass  and  velocity  determined  the  kinetic 
energy  and  it  is  assumed  that  all  the  energy  is  transferred  during  normal 
incidence  impact.  Impact  energies  were  approximately  56  and  1^3  ft-lb  for 
the  two  tests.  Velocities  were  measured  from  firing  pressure  calibration 
curves  for  this  sequence  of  tests.  Specimens  were  examined  after  test  to 
determine  the  extent  of  deformation,  evidence  of  fracture  or  broken  filaments, 
and  any  unusual  fracture  or  behavior  characteristics  of  the  air  bonded  materia 

Specimens  after  test  are  shown  in  Figure  21.  Included  for  comparison 
are  vacuum  bonded  specimens  run  under  similar  but  not  identical  cond i t 1 ons . 

The  degree  of  deformation  in  the  1100  is  consistent  with  the  vacuum  bonded 
material.  The  1100/202^  did  not  deform  as  much.  Both  specimens  underwent  a 
gross  or  structural  form  of  damage.  Damage  was  confined  primarily  to  the 
root  area  except  for  the  145  ft-lb  1100  specimen  which  also  had  some  local 
deformation.  On  the  basis  of  these  tests,  the  air  bonded  or  vacuum  bonded 
material  would  projuce  equivalent  resistance  to  structural  damage. 


Figure  20.  TRW  Ballistic  Impact  Facility. 


5.6B-1100  1100  1100/202/f 

Ft/Sec  Ik  Ft-Lbs  885  Ft/Sec  U5  Ft-Lbs  885  Ft/Sec  Ul 

Vacuum  Bonded  Air  Bonded  Air  Bonded 


D.  SYSTEM  SELECTION 


System  selection  was  based  upon  the  material  which  would  provide  the 
highest  projected  impact  properties  while  meeting  other  design  requirements 
of  the  blade.  In  examination  of  the  Ctiarpy  impact  energy,  in  Table  10,  it 
is  apparent  that  tfie  8 mil  boron-1100  aluminum  system  had  the  highest  pendulum 
impact  resistance.  While  the  actual  stress,  velocity,  and  dynamic  response 
produced  by  a bird  impact  of  a fan  blade  differ  from  the  Charpy  test,  materials 
with  improved  Charpy  values  have  provided  improved  whirling  arm  impact  of 
actual  blades.  (5)  For  this  reason , the  8 mil  boron-1100  system  was  selected 
for  material  evaluation.  The  longitudinal  and  transverse  tensile  strength 
are  adequate  for  the  J-101  blade  steady  state  stresses.  The  shear  strength  of 
the  1100  system  may  be  below  the  level  required  locally  although  use  of  the 
measured  double  notch  value  in  this  regard  is  a conservative  estimate. 


E.  MATERIAL  EVALUATION 


Panels  of  ±15°  8 mil  boron-aluminum  were  prepared  using  the  following 
cond i t i ons : 

monotape  fabricated  at  900°F  15  minutes  8 KSI 

secondary  bond  in  air  at  925°F  15  minutes  15  KSI 

Panels  were  evaluated  for  elevated  temperature  tensile,  shear,  bend  strength, 
fatigue  and  room  temperature  sub-size  impact,  room  temperature  modulus  and 
resistance  to  salt  corrosion.  The  modulus  measurements  were  made  on  specimens 
sectioned  from  previous  panels. 

Mechanical  profjrties  are  summarized  in  Table  11.  The  low  longitudinal 
tensile  strength  is  the  result  of  a shear  failure  in  the  grip.  However, 
three  point  bend  tests  produced  much  higher  values  of  strength  than  the 
tensile  tests.  Extensive  filament  pullout  was  noted  in  both  longitudinal 
and  transverse  tensile  tests.  The  load-deflection  curves  of  the  bend  test 
showed  non-linearity  almost  immediately  so  the  presence  of  shear  failure  was 
difficult  to  determine.  Interlaminar  shear  tests  using  the  double  notch 
specimen  were  run  at  both  room  temperature  and  350°F.  While  the  shear  strength 
was  low,  it  is  interesting  to  note  that  the  failure  in  flexure  could  reach 
such  a maximum  stress  without  some  evidence  of  a shear  failure.  Flexural  and 
torsional  fatigue  strengths  were  higher  than  the  room  temperature  values,  either 
because  of  improved  panel  quality  or  an  actual  temperature  effect. 

Sub-size  impact  testing  was  performed  using  a specimen  0.4  inch  x 2.16  inch 
X 8 inch  ply.  This  is  the  standard  Charpy  width  with  the  thickness  reduced  and 
the  specimen  unnotched.  The  specimen  thickness  is  comparable  to  an  actual  fan 
blade  airfoil.  In  past  work  at  TRW  these  specimens  have  worked  well  for  material 
or  process  ranking  but  the  specimen  is  sensitive  to  variations  in  size  and 
simply  normalizing  for  various  sizes  is  difficult.  The  first  two  specimens 
were  from  current  panels  while  the  second  two  were  produceu  earlier  in  the 
program.  The  impact  values  are  quite  high. 

Room  temperature  modulus  measurements  were  performed  with  strain  gaged 
specimens.  A longitudinal  specimen  of  1/4  inch  width  and  a transverse  specimen 
of  1/2  inch  width  had  strain  gages  attached  to  each  side  and  wired  to  cancel 
bending  moments.  Specimens  were  step  loaded  in  an  Instron  Tensile  Tester  and 
strain  gage  readings  taken.  Transverse  results  are  plotted  in  Figure  22.  The 
modulus  was  messured  as  20.6  x 10^  psi.  The  longitudinal  results  are  plotted 
in  Figure  23  and  the  modulus  was  22.8  x 10^  psi.  The  longitudinal  modulus  was 
lower  than  anticipated. 

Resistance  to  salt  corrosion  was  determined  by  salt  spray  testing.  Tests 
were  run  in  accordance  with  A5TM  specification  B-117-  Two  types  of  tests  were 
employed.  In  the  first  case,  duplicate  tensile  specimens  were  prepared  and  one 
exposed  to  the  salt  spray  fro  168  hours.  In  the  second  case,  a specimen  was 
examined  before  and  after  a 500  hour  exposure. 

No  loss  in  tensile  strength  was  obtained  after  the  168  hour  salt  exposure. 
The  weight  gain  of  the  specimen  expo^d  for  500  hours  was  0.015  mg/mm^.  The 
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TABLE  n 


PROPERTIES 

OF  ±15°  AIR 

BONDED  8 MIL  B-llOO  A1 

350°F  Tens i le 

Long i tud i na 1 

40,600  grip  shear  failui 

(psi) 

38,600  grip  shear  failui 

T ransverse 

3,300 

3,600 

4,400 

350*^F  3 Point  Bend 

0.350"  Span 

61 ,000 

(psi) 

57,900 

0.510"  Span 

58,242 

50,900 

(ntertaminar  S/iear 

RT 

4,300 

Double  Notch  Specimen 
(psi) 

5,300 

350°F 

2,200 

2,500 

Unnotched  Thin 

RT 

25.6  in-lb  (71  ft-lb/in2) 

Panel  Charpy 

23  in-lb  (64  ft-lb/in2) 

RT 

25  in-lb  (69  ft-lb/in^) 
26.2  in-lb  (lOl  ft-lb/in2) 

Elastic  Modulus 

RT 

Longitudinal  22.8  x 10^ 

(psi) 

Transverse  20.9  x 10^ 

Flexural  Fatigue 

350°F 

45  ks i Runou  t 
50  ks i Runout 
55  ksi  Runout 
60  ksi  2 X 10°  cycle 

350°F 

51.6  ksi  306,000  cycle 

Torsional  Fatigue 

350°F 

20  Runout 

25  Runout 

30  Runout 

35  Runout 

40  5 X 10^  cycle 

350°F 

20  Runout 
25  Runout 
30  Runout, 

34  5 X 10°  cycle 

-T 


Figure  23.  Longitudinal  Stress-Strain  Curve  of  Air  Bonded  *15°  8 mil  B-llOO  A1 
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specimen  appearance  V'/as  similar  to  a piece  of  unreinforced  aluminum  exposed 
during  the  same  cycle.  Some  salt  was  still  adhering  to  the  side  of  the  specimen 
in  roughened  areas  where  the  fibers  came  to  the  surface  which  contributed  to 
the  weight  gain. 

While  material  evaluation  was  limited  to  panel  shapes  in  the  present 
program,  TRW  has  applied  air  bonding  to  more  complicated  forms.  Figure  2k 
illustrates  diamond  cross  section  panels  fabricated  to  evaluate  localized 
ballistic  impact  resistance.  This  program  was  performed  for  NASA  under  a GE 
subcon t ract . (6)  Tvjo  J-101  fan  blades  fabricated  under  a NASA  purchase  order 
and  one  under  TRW  I R&O  are  shown  in  Figure  25  and  a typical  microstructure  in 
Figure  26.  TRW  is  also  currently  air  bonding  CF6  fan  blades  for  a feasibility 
demons t rat i on and  to  produce  blades  for  whirling  arm  test.  (7)  Prototype 
blades  are  also  being  fabricated  for  whirling  arm  test.  (8) 
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F.  PRELIMINARY  PROCESSING  SPECIFICATION 

PRELIMINARY  PROCESSING  SPECIFICATION 
FOR 

AIR  BONDED  BORON-ALUM  I f.'UM 


1 . SCOPE 

This  specification  presents  preliminary  requirements  for  boron-aluminum 
fabricated  in  air  into  panel  and  blade  form  from  fully  dense  monotapes.  Its 
purpose  is  to  summarize  the  recommended  processing  for  these  materials. 

1.1  Cl  ass i f i cat i on 

A.  A5-55  volume  percent  boron-1100  aluminum  alloy  diffusion 

bonded  from  monotapes. 

B.  A5-55  volume  percent  boron-202A/l 1 00  aluminum  alloy  diffusion 

bonded  from  monotapes. 

C.  A5-55  volume  percent  boron-606l  aluminum  alloy  diffusion 

bonded  from  monotapes.  ^ 

2.  APPLICABLE  DOCUMENTS 

2.1  AMS  AO26  6061  sheet  and  plate 

2.2  0(l-A-250  AE  202A  sheet  and  plate 

3.  REQUIREMENTS 

3 . 1 Raw  Mater i a 1 s 

3.1.1  F i 1 ament 

The  filament  shall  have  a minimum  UTS  of  A50  KS I and  a 
diameter  tolerance  of  ±0.0001  inch  for  5.6  mil  and 
0.0002  inch  for  8 mil. 

3.1.2  Foil 

The  foil  shall  conform  to  applicable  AMS  or  QQ,  specification. 
Foil  shall  be  clean  of  grease  or  visible  stains.  Thickness 
tolerance  shall  be  ±0.0001  inch'.  Preferred  starting 
thickness  is  2.3  mils  for  5.6  mil  fiber  and  3.'  mils  for 
8 m i I fiber. 

3.2  Monotape 

3.2.1  Monotape  Fabrication 

Monotapes  shall  be  fully  dense  diffusion  bonded  from  foil. 
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Monotape  fabrication  siiall  be  performed  at  the  lowest 
temperature  consistent  with  the  intended  applications. 
Recommended  is 


Class 

A 

900°F 

±10° 

15 

minute 

8 

KSI 

Class 

B 

850°F 

±10° 

15 

minute 

8 

KSI 

Class 

C 

850°F 

±10° 

15 

minute 

8 

KSI 

3.2.2  Mopotape  Requirements 

3.2.2. 1 Gaps  between  filaments. 

Gaps  shall  not  exceed  1/32  of  an  inch. 

3. 2. 2. 2 Cross-over  Filaments 

Single  or  multiple  filament  cross-over  is  not 
permi tted . 

3. 2. 2. 3 Surface  of  Monotape 

Tile  surface  shall  be  clean,  smooth  and  free  of 
con  tarn i na  t i on . 

3. 2. 2. 4 Fiber  Alignment 

The  angular  tolerance  of  fibers  shall  be  ±2°. 

3. 2. 2. 5 Consolidated  Tape  Quality 

There  shall  be  no  voids,  de ! am i na t i on  , stray 
fibers,  broken  fibers,  or  foreign  material  that 
degrade  the  mechanical  properties. 

3. 2. 2. 6 Volume  Fraction 

The  volume  fraction  percent  of  the  fiber  shall  be 
maintained  within  ±2-1/22. 

1 .2.1.7  Formab i I i ty 

The  buyer  may  establish  a nonotape  formability 
requ i rement . 

3. 2. 2. 8 Filament  Spacing 

The  average  filament  spacing  will  be  6.9  mils 
for  5-8  mil  fiber  and  9-6  mils  for  8 mil  fiber. 

3. 2. 2. 9 Thickness  Control 

The  final  thickness  shall  be  held  to  ±0.0001  inch. 
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3.2.2.10  Organic  Binder 


The  niainent  mar  shall  employ  a polystyrene  hinder 
applied  as  a solution  of  xylene  and  polystyrene. 

3.3  Panel  or  Blade  Fabiication 

3.3.1  Surface  Treatient 

Prior  to  bonding  'nonoiapes  will  be  given  a surlace 
treatment  described  in  TRW  Patent  Appl ication  S/N  685.812. 

3.3.2  Bonding 

Parts  shall  be  bonded  by  hot  pressing  in  air  with 
preheated  dies.  Cooling  shall  be  by  withdrawal  and 
air'  cooling. 

3.3.3  Bonding  Parameters 

Bonding  parameters  shall  be  governed  by  the  final  appli- 
cation. Recommended  are  Insertion  into  hot  dies  and  the 
following  bonding  cycle  when  the  composite  is  at  temperatur 

Class  A 925^F  15  minutes  12  KS I 

Class  B 910°F  15  minutes  10  KS 1 

Class  C 900'^F  15  minutes  10  KS  1 

QUALITY  CONTROL 
‘r.l  Mechanical  Properties 
A . I . 1 Tens  i I e 

Tensile  specimens  taken  from  trie  part  shall  be  capable 
of  demonstrating  the  tensile  properties  specified  for  the 
application.  Minimum  panel  tensile  strength  shall  be: 

Class  A 110,000 
Class  B 150.000 
Class  C 150,000 

A . I . 2 Single  F i I amen  ts 

Single  boron  filaments  extracted  from  a trim  section  of 
the  part  shall  average  350  KS 1 UTS. 

A . 1 . 3 Shear 

Shear  test  and  properties  shall  be  agreed  upon  by  vendor 
and  customer. 

A,  2 Structure 

Melai lographic  examination  shall  show  no  evidence  of  significant 
I n ter's  t i t i a i corvt  .im  i na  t i on  and  full  me  ta  I I urg  i ca  1 bond  at  matrix 
inter  face. 


^•3  Ultrasonic  Inspection 


Ultrasonic  standards  for  inspection  will  be  as  ai;reea  ucjn  bv 
vendor  and  customer.  A mutual  ultrasonic  standar'i  wll  be 
employed  in  the  event  of  indications  for  re'  --tion. 

k.h  Radiographic  Inspection 

Radiographic  inspection  shall  be  per  NI!-!-8b7u-  May  8,  ij'/b. 
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G. 


PRELIMINARY  COST  ANALYSIS 


Boron/a 1 um i nupi  is  consioertd  a viable  material  tor  blade  application  in 
terms  of  both  properties  and  cost.  As  TRW  internal  comm  i tn-.en  ts  qrew  in  this 
materials  area  and  as  external  tumling  was  gained,  considerable  effort  has 
been  expended  upon  cost  analysis  of  metal  matrix  composites.  In  addition  to 
the  present  program,  these  analyses  have  been  performed  in  support  of  a 
National  Materials  Advisory  Board  committee  on  metal  matrix  composites  to 
justify  internal  I RSD  support  of  metal  matrix  composites,  as  contract  require- 
ments on  various  externally  funded  programs,  and  more  recently,  to  quote 
production  quantities  of  boron/aluminum  fan  blades  for  an  advanced  engine  of 
a major  engine  manufacturer.  Major  conclusions  from  these  efforts  are  that 
the  use  of  fully  consolidated  monotapes  offers  advantages  in  cost  and  properties, 
that  boron/aluminum  composites  can  be  produced  at  almost  half  the  cost  of  a 
titanium  blade,  and  most  important,  that  air  bonding  offers  significant  savings. 

It  should  be  pointed  out  that  the  B-AI  blades  fabricated  to  date  were  not 
produceb  by  a production  process  since  no  such  facility  exists  for  B-Al  blades. 
Therefore,  in  projecting  the  cost  of  B-Al  blades  in  production  quantities  and 
in  order  to  assess  its  cost  competitiveness  with  currently  used  blades  or 
vacuum  processing,  certain  assumptions  must  be  made  based  on  two  major  factors: 
a)  mater i a 1 /process  characteristics  established  in  the  laboratory,  and  b)  prior 
experience  in  scaling  up  fan  blade  ma te r i a I /proces s comb i nat i ons  from  the 
laboratory  to  the  factory  for  production  volume  i.ianuf  acture . The  value  of  fan 
blade  production  experience  and  a v/idely  based  knov/ledge  of  the  turbine  engine 
blade  business  must  not  be  underestimated.  Without  the  identification  of 
those  assumptions  and  prior  experience  in  scaling  up  fan  blade  mater i a 1 /process 
combinations,  one  cannot  have  much  confidence  in  the  projected  cost. 

Cost  savings  due  to  air  bonding  have  been  estimated  by  analogy  with  two 
production  processes  presently  used  by  TRW,  precision  investment  casting  and 
heat  treatment.  TRW  has  extensive  and  sophisticated  facilities  for  vacuum 
casting  and  heat  treating  'which  are  used  to  produce  high  tolerance  turbine 
components  from  nickel  and  cobalt  base  supcralloys.  For  i given  part  and  with 
considerable  automation  of  the  vacuum  process  including  vacuum  iriterlocks,  it 
costs  four  times  as  much  to  case  a part  in  vacuum  than  in  air.  TRW  also  heat 
treates  in  both  vacuum  and  air  and  the  relative  cost  of  vacuum  heat  treatment 
is  1-3  times  heat  treating  in  air.  Both  of  these  examples  are  mature  widely 
used  industrial  production  processes  and  illustrate  the  magnitude  of  the 
differential  cost  to  be  expected  between  air  and  vacuum  bonding. 

The  effect  of  such  a reduction  on  blade  cost  may  be  estimated  by  compari- 
son with  fabrication  costs  of  a typical  blade  fabricated  by  bonding  in  inert 
atmosphere.  The  various  costs  associated  with  the  fabrication  of  typical  fan 
blades  from  B-Al  diffusion  bonded  monotapes  were  recently  analyzed  and  presented 
to  the  NMAB  Committee  on  Metal  Matrix  Conipos i tes . The  assumptions  used  in  the 
cost  analysis  are  sunriarized  in  Table  12. 

Air  bonding  would  reduce  monotape  cost,  assembly  cost  and  blade  molding 
cost.  The  monotape  raw  material  is  a large  fraction  of  the  estimated  blade 
cost.  The  lower  limit  for  the  monotape  cost  at  S25/lb  is  projected  on  the 
basis  of  post- 1980  boron  prices  and  the  use  of  the  Air  Force/TRW  process  of 
roll  diffusion  bonditig  in  a i r . 1 ) Air  bonding  would  furthci  reduce  the  molding 
costs  to  S5/blade  and  the  blade  assembly  cost  to  S8/blade  compared  to  vacuum 
bot d i ng . Tnc  cost  reduction  in  molding  and  assembly  is  due  to  the  elimination 
of  vacuum  encapsulation. 
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TABLE  12 


! ASSUMPTIONS  FOR  B/AL  BLADE  COSTING 

i 

1.  $25/hour  was  used  for  labor  plus  overhead.  This  relatively  high  labor 
cost  also  included  normal  amortization  of  facilities. 

2.  Material  and  labor  cost  elements  were  marked  up  by  20%  G&A. 

( 3-  The  blade  fabrication  process  is  based  on  the  use  of  (fully  consolidated) 

diffusion  bonded  monotape  through  a one-step  hot  pressure  bonding 
approach  for  tlie  blade  molding. 

k.  Blade  data: 

length  = 10";  chord  width  = 2.5";  thickness  = l/8"-l/A" 
average  airfoil  pitch  thickness  = 0.187" 
average  airfoil  volume  (0.187  x 2.5  x 10)  = 4.7  in^ 

B/AI  airfoil  weight  (4.7  x 0.1)  = 0.47  lb 
Ti  airfoil  weight  = 4.7  x 0.16  = 0.75  lb 

5.  Assume  that  actual  reduction  in  airfoil  volume  due  to  chord  taper 
is  equivalent  to  material  waste. 

6.  Root  blocks  are  fabricated  from  Ti  alloy  powder  by  precision  P/M  forging. 

7.  Wedges  are  made  from  titanium  alloy.  The  design  is  similar  to  Figure  19. 

8.  Stretch  formed  and  plated  stainless  leading  edge  inserts  are  used. 

9.  Ply-preform  generation  and  blade  assembly  is  done  on  mechanized  equipment. 

10.  Blade  molding  by  hot  pressure  bonding  in  inert  atmosphere  (no  vacuum). 
Bonding  time  10  minutes  for  B/AI. 

11.  At  the  10,000  blade  level,  it  is  assumed  that  the  plant  is  producing  a 
total  of  50,000  similar  parts. 
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B-AI  Blade  Cost  Projection 


Operation 


$122to 

172 


Cost 


Rav; 

Material 


Rabr i cat  ion 


$120to 

200 


Figure  11.  Cost  Projection  for  Vacuu"'.  Bondet!  Boron-Aluminum  Blade 
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H.  BLAOt  STKEtJGTH  REQUIREMENTS 

AndlyciCiil  studies  have  been  performed  to  determine  the  operating 
stresses  or  the  JlOl  B-AI  stage  I fan  blade  during  engine  design  point 
operating  conditions  and  during  bird  impacts.  The  results  of  these  studies 
have  been  conipated  with  material  strength  data  obtained  from  test  specimens 
to  ascer  tain  which  material  candidates  best  satisfy  the  dlOl  fan  blade 
strength  requirements. 

The  JIOI  engine  system  is  an  advanced  , high  thrust  to  weight  design  with 
supersonic  operational  capability.  I ncorporat ion  of  B-AI  is  contpatible  with 
the  high  fan  inlt.’t  temperature  requirements  of  this  application.  Additionally, 
the  use  of  B-AI  ran  blades  will  further  improve  the  engine  thrust  to  weight 
ratio.  Selection  of  the  first  stage  fan  blade  incorporates  lightweight 
cwipos i tes  where  the  max imum *we i gh t reduction  exists,  1 1|  pounds  for  the  JlOl 
design.  Figures  28  and  29  compare  a titanium  and  B-Al  blade,  respectively. 

NORMAL  OPERATION  ANALYSIS 


The  purpose  of  this  analytical  study  was  to  identify  the  boron/a  1 un i num 
material  strength  requirements  for  the  dlOl  blade  norma!  operating  conditions. 
Four  three-dimensional  finite  element  analyses  (TAMP)  were  run  to  determine 
the  blade  aeromechan i ca I stability  character i s t i cs  and  stresses  as  a function 
of  boron  filameirt  orientation. 

Approach 

The  TAMP  three-dimensional  finite  element  computer  program  was  used  to 
calculate  blade  natural  frequencies,  steady  state  and  alternating  stresses. 
Four  runs  were  made,  two  with  each  boron  filament  orientation.  These  outputs 
»vere  then  used  to  determine  that  both  designs  have  acceptable  aeromechan i ca 1 
stability  chorac ter i s L i cs . Next,  calculated  steady  state  and  alternating 
tensile  stresses  wt>re  used  to  construct  a Goodman  diagram,  from  wiiich  factors 
of  safety  were  estimated  and  material  design  stresses  predicted.  These  values 
were  compaied  with  material  specimen  test  results  obtained  for  several  B-Al 
composite  materials.  Figure  30  schematically  shows  the  approach  used  in  this 
task. 


J 1 0 1 Fan  B 1 ade  Geometry 

Table  13  summarizes  and  compares  the  JlOl  B-Al  stage  1 fan  blade  geometric 
ctiaracteri st ics  with  those  of  its  titanium  counterpart.  Note  that  the  B-Al 
blade  geometry  is  identical  to  that  of  the  titanium  blade  except  the  mid-span 
shroud  has  been  eliminated.  Preliminary  design  efforts  had  been  done  on  the 
NASA  SCAR  program(9)  to  define  the  blade  preliminary  design.  The  blade  geometry 
was  constant  during  all  studies  performed  during  this  program. 

Mh  ter  I a 1 P ro£e rj;  i e s 


Material  propert'es  were  calculated  for  tvvo  material  designs;  i.e.,  8 mil 
diameter  boron  with  a ±19°  orientation  and  8 mil  diameter  boron  with  a 0^/20° 
orientation.  The  two  filament  orientation  angles  were  selected  on  the  basis  of 
preliminary  aeromechan i ca I -itability  calculations  and  impact  resistance  results 


65 


FABLE  13 


BLADE  SUMMARY.  JlOl  STAGE  1 FAN  BLADE 


Parameter 


Present 
Metal  Blade 


Compos i te 
B I ade 


N,  No.  of  Blade 

Q 

32 

32 

Mater i a 1 s 

6-k  Ti 

B/Al 

Temperature , °F 

175 

175 

C 

3.52 

3.52 

o 

3.60 

3.60 

0.068 

0.068 

V^T 

0.025 

0.025 

Sol  id i ty 

o 

2.62 

2.62 

Sol i d i ty ^ 

1 .'40 

1 .140 

(Inlet) 

13.16 

13.16 

R/R  (Inlet) 

0,.A5 

0.A5 

6 * 

18.72 

16.72 

o 

6 * 

60.89 

60.89 

t 

$ 

1 .09^ 

1.50 

0 

99.7 

99.7 

o 

®t 

2.93 

2.93 

Mid-Span  Location 

50F„ 

No  Mid-Span 

c 

o 

= 

Chord 

at  root,  inches 

= 

Ai rfoi 

1 maximum  thickness/chord 

at  tip,  dimensionless 

R 

t 

= 

Rad i us 

at  tip,  inches 

R/R 

= 

A i rfo i 

1 root  radius/tip  radius. 

d i mens i on  1 ess 

6=- 

= 

A i rfoi 

1 stagger  angle  from  tangential,  degrees 

<P 

= 

Tip  untwist,  degrees 

e 

= 

A i r fo i 

I camber,  degrees 

Subscr i pt 

o “ root 
t = tip 


obtained  on  the  SCAR  program  which  indicated  these  two  orientations  had  good 
Ciiarpy  impact  strength. 

Table  summarizes  the  B-AI  material  physical  properties  of  the  57  percent 
volume  fraction  B-AI  material  used  in  the  analysis.  Note  that,  for  the  two 
filament  orientations,  the  modulus  of  elasticity  and  Poisson's  ratios  are  quite 
similar.  Further,  there  is  very  little  change  in  properties  due  to  temperature. 
The  largest  change  due  to  temperature  is  in  the  shear  modulus  (G) . Figures  31 
and  32  show,  for  the  two  orientations,  the  effective  three-dimensional  material 
properties  used  in  the  region  of  the  blade  which  is  nickel  plated.  These  data 
are  shown  as  a function  of  the  thickness  of  the  combined  material. 

Design  Point  Operating  Conditions 

The  JlOl  engine  specifications  were  used  to  define  the  design  point 
operating  conditions  as  summarized  below. 


Cond i t i on 

RPM 

Temperature  (°F) 

Hot  Day  Takeoff 

13,266 

175 

Max.  Steady  State  Operation 

13,935 

350 

Max.  Design  Overspeed 

I'*, 215 

350 

Burst  Speed 

16, 3^*5 

Room  Temperature 

The  blade  must  be  designed  to  have  infinite  life  (10  cycles)  at  the 
maximum  steady  state  operating  condition.  The  maximum  design  overspeed  and 
burst  conditions  represent  low  cycle  requirements. 

For  this  program,  the  TAMP  analyses  were  performed  at  the  hot  takeoff 
condition  for  two  rotor  speeds,  zero  and  13,266  rpm.  Stresses  at  other  condi- 
tions were  scaled  from  the  TAMP  results. 

Analytical  Model 

Figure  33  shows  the  three-dimensional  finite  element  (TAMP)  model  of  the 
JlOl  B-Al  blade,  using  one  element  through  the  blade  thickness.  TAMP  is  a 
multipurpose  finite  element  computer  program  capable  of  calculating  the  steady 
state  stresses  and  lowest  forty  natural  modes  of  vibration  of  composite  blades. 

The  program  utilises  an  eight-noded  isoparametric  box  element,  shown  in 
Figure  3^,  of  practically  any  shape.  This  is  a nonconstant  strain  element  with 
33  degrees  of  freedom  (2^  internal  to, minimize  strain  energy).  The  present 
modeling  limits  provide  up  to  900  nodal  points,  580  elements,  and  10  different 
materials.  The  program  accounts  for  the  inertial  forces  of  rotation  and  vibration. 
Thermal  stresses  can  also  be  computed.  The  root  can  be  restrained  by  both 
friction  and  springs.  Distributed  pressures  or  point  forces  can  be  applied  as 
external  loads  to  the  structure. 

The  material  property  input  to  the  program  consists  of  the  bulk  elastic 
properties,  including  different  moduli  in  the  radial,  chordwise  and  thickness 
directions;  different  Poisson's  ratios  between  these  three  directions;  and 
different  shear  moduli  between  these  three  directions.  Thus,  nine  constants  are 
used  to  describe  the  elastic  properties  of  the  materials. 
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B/AL  M£TE_Rjm.  PHOrFRT  I F S 


; 

Fen";  i (.m'j 
I 

I 


Ci.'i'ini  ebs  i nn  I 
1 


Pend i nq ; 


( r.n  1 CU  1 a ted 

f 1 oi'i  Advanced  Composite 
Prnqr.qm  AC'  3' 

Dp'S  • <]” 

Gu i de  , 

(+1F)  L 

ay  UP 

(0/ 

20)  Layup 

Ternpei  nture  (''*r) 

T-'  .ipe ra t u re  (°F) 

350 

175 

350 

Ex 

31.5 

30.5 

31.9 

30.9 

21  .6 

20.7 

2'  .8 

20.9 

Gxy 

7.7 

6.0 

7.5 

5.8 

Mxy 

.2  36 

.185 

.220 

.171 

Myx 

.iG3 

. 1 1(0 

. 1 s2 

.130 

F. 

31.5 

32.5 

3'  .9 

^2.9 

Ey 

Gxy 

21  A 

18.1 

2 1 8 

18.3 

7.7 

6.0 

;.5 

5.8 

Mxy 

.236 

. 127 

.720 

.127 

.163 

. 1 63 

. 1 52 

.163 

E,v 

31.5 

31  .5 

31.9 

31  .9 

Ey 

r 

21.6 

1/.4 

A n 
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FiK\irc  ;M  . T;\iMi’  Compulcr  Finite  Kloment  Notation. 


A recent  modification  to  tfie  ttiree-d  imens  iona  I finite  element  computer 
program  allows  the  output  to  be  placed  on  file  for  later  use  in  a general 
purpose  plotting  routine.  The  use  of  the  plotter  allows  stresses  and  deflections 
to  be  plotted  in  contours  for  both  concave  and  convex  blade  surfaces. 

Ana  I y t i ca I Resu 1 ts 

Aeromechan ica I Stability 


The  first  forty  natural  frequencies  o*"  the  blade  were  determined  for  each 
filament  orientation.  The  calculated  modal  patterns  (points  of  zero  deflection 
on  the  blade) at  each  of  these  frequencies  were  obtained.  The  first  four  modes 
are  identified  as  the  first  and  second  flexural,  the  first  torsional  and  the 
third  flexural.  The  higher  orders  are  generally  complex,  coupled  modes  without 
specific  identification.  These  higher  order  modes  are  not  used  to  study  the 
blade  stabiliy  characteristics,  but  are  used  later  in  the  impact  analysis. 

The  first  three  J101  B-Al  blade  frequencies  of  interest  for  blade  stability 
characteristics  are  indicated  on  the  Campbell  diagram.  Figure  35-  fbe  calculated 
first  flexural  frequency  is  about  Id  below  the  objective.  Blades  fabricated  and 
tested  in  the  NASA  SCAR  program  had  an  average  measured  static  first  flexural 
frequency  about  2j;  above  the  objective.  The  calculated  second  flexural  natural 
frequency  has  good  separation  from  the  first  torsional  mode  and  does  not  cross 
any  significant  excitation  lines  within  the  engine  operating  range. 

The  first  torsional  frequency  of  the  J101  B-Al  blade  has  adequate  margin 
over  the  6/rev  excitation  at  the  engine  design  point.  Furthermore,  the  J101 
B-Al  blade  first  torsional  frequencies  are  essentially  the  same  as  the  titanium 
blade  v;h  i ch  it  replaces. 

Th  18  inlet  guide  vanes  and  68  first  stage  stator  vanes  produce  a 
3980  cps  and  a 1 5035  cps  stimuli,  respectively.  These  excitations  are  well 
out  of  the  area  of  concern. 


Instability  prediction  techniques  have  been  developed  through  an  inte- 
gration of  analytical  techniques  and  engine  test  data.  Certain  guidelines  have 
been  established  for  predicting  flutter  by  what  is  known  as  the  reduced  velocity 
parameter  defined  as  follows: 


V 


R 


)[_ 

buj’ 


where 


V = relative  air  velocity  (ft/sec)  at  87^  span 
b = chord/2  (ft)  at  87--'  span 

= first  torsional  frequency  (rad/sec) 

A plot  of  V/b.  versus  incidence  angle  for  the  J101  Stage  1 fan  blade  is 
shown  in  Figure  36.  Sufficient  stability  margin  exists  for  inlet  distortion  and 
for  the  cap.ibility  of  sustaining  repeated  stalls  throughout  the  JlOl  operating 
reg ime . 
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Sf.  fviij')  bt-alc  Allcjiy'ai's 

A sLcile  atrebb  diidlybib  of  the  JIOI  Staqe  1 B-A1  fan  blade  wab 

albv)  obtained  from  the  finite  elenenl  (TAMP)  computer  program.  Two  analyses 
were  i>erfoMi)cJ,  one  e.rch  lor  the  [ilS''*]  layup  and  the  [0/20”]  layup,  at  the  hot 
lav  tuKeoff  conditions  and  I 00<  rated  speed  or  13,266  rpn.  Both  of  these 
•iial.'.eb  uttliiieJ  tire  bdri'e  blade  geometry  and  the  material  property  variations 
.ell'  3'  .1 1 I . Tl'.e  lesulting  calculated  stress  d i s t i rbu  t i ons  vrere  nearly  identical 
i'll  'he  bticbb  v.bipli  lades  of  the  [±15'^]  layup  were  approx  ima  te  I y 3?  higher  than 
fe  .'.'du^’J  layup.  C' 'H  sequen  1 1 y , only  the  stress  distributions  from  the  [±'5  ] 
layup  analysis  are  prtser'ted. 

I he  steady  state  sti'ess  a i s 1 1' i ba  i i ons  in  the  JIOI  B-AI  blade  are  sf.own  In 
tiyuies  37  through  4A.  AM  ■ d'  the  stress  components  are  at  Gaussian  quadrature 
points  and  are  loratea  appt  Ox  i 'iiu  te  I y halfwav  between  the  centerline  and  the 
sa'-fa^e  The  oaxi.i'ui.  radial  leirsile  stress  (u^)  is  55,300  ps  i , located  at  35iS 
spa'i,  ciii'irdwise  at  tire  nuxli.iurn  airfoil  thickness,  and  on  the  convex  surface. 

The  raditti  ulti.'iate  strenjih  of  8 mil  boron  with  a [t15  ] orientation  is  estirriated 
ar  I2u,d00  psi  whict'  is  approx  i .i.a  t e 1 y two  times  tireaier  than  the  maximum 
s.  ,1 1 Cu  I I ted  rad  i ,1 1 s t 'css. 


I’le  'laxinum  c.iiv'-lated  o.'i^i.u.ise  i n ter  I am  i nar  shear  stress  ( of  1/80  psi 

is  l-sca-.e.i  at  trie  a i .■  t .il  trailing  edge  root.  The  maximum  rad  i a I shear  stress 
( I of  b/7^  psi  is  located  or,  the  dovetail  forward  face  concave.  The  other 
iiiqh  radial  shear  -.tresses  ol  5/61*  | in  the  trailing  edge  35  span  location 

a ,d  bpl'a  psi  ir:  the  ai'-foil  leading  edge  root  should  be  noted.  Short  transverse 
tensile  stress  I ))  are  low,  Figures  1*3  and  1*1).  From  the  radial  and  chordwise 
-.hear  stf'uss  cimponen  ts , a isaxinum  principal  shear  stress  of  6815  Ps>  i exists  at 
the  do'.'et.iil  l;)r.varj  lace.  6010  psi  in  the  aii'foil  trailing  edge  "dog  leg"  area, 
and  5805  psi  in  the  overhung  airfoil  leading  edge  root,  shown  in  Figure  1*5. 


U i b r a t>n^ y S t r esS  Ana  I « s 1 s 


Tiie  r.ext  two  steady  state  tiriite  ar.alyses  were  to  Jeten-ine  tfie  vibratory 
t.'trss  d i s t r i be  t i ons  in  the  first  flexural  and  first  torsional  blade  resonant 
o.ies  with  unit  apiilied  stj,,iuli.  These  a.ialvses  were  run  at  1 3,266  rpn*  to 
rr.ljJe  trie  Len  t r' i f urja  I s I i t I en  i nq  effects',  however,  the  centrifugal  stress 
..a,  pone:;  ts  were  t lien  ablractnl  to  (A’lain  tile  vibratory  stress  components.  The 
te.i.!','  stale  stress  i oiiip.inen  Ls  a. id  the  vibratory  stress  components  were  then 
nl.'tled  ' tne  GviOma'i  dia.jra'  , figure  1*6.  The  vibratory  stresses  were  scaled 
util  Ine  ,.axi,iu''i  cornu  i n.i  t 1 • 'ii  ol  steady  stale  and  vibratory  stresses  reached  the 
a.- ..red  r.iteria!  liriiit  nt  10/  eye  les  (infinite  life).  The  Goodman  diagram 
pre, *.*1110.1  '"  Fi.inie  A6  i j-  extrap'  latel  From  test  data  obtained  from  other 
Ge.Per-il  t'!-,  trie  ,.r>iq,.i  . 


P c i tir  a ti.r  y s t r es:. 
t*7  a;  : 1*8  eAtrapolatf  'o 
,-.T.ir  the*  mid-spari  and  Itie 
i'.te'  lai'  inat  slie.ar  stress 
T';e  . ..IX  irijl'.  1 .id  i .1  1 flC' 

- ,1  .at  he  ive  t J i I 


d i s I r itiul  i 0"s  in  the  first  flexural  mode 
caximuii  ‘-urfate  ' id  i a I be'iding  stiess  ( 

1 lax  ir.iuti'.  airlorl  cnordwiso  tnickness,  and 
( I <)  ol  1*260  iisi  at  ifie  airfoil  leading 
ing  I I'l'-.s  I in  the  first  torsional  mode 


s liowri  in  Figures 
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Figure  16,  JlOl  B/Al  Blade  TAMP  Analysis,  Goodman  Diagram 
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JlOl  B/Al  Blade  TAMP  Analysis, 
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Figure  48.  JIOI  B/AI  Blode  TAMP  Analysis, 
First  Flex,  Radial  Interlaminar 
Shear  Stress. 
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iiiyh  stress  of  14,7'3  ps  i also  exists  at  about  70%  span  as  shown  in  Figure  ^*9. 
Tfie  radial  shear  stress  (23)  fot  the  first  torsional  mode,  Figure  50, 
indicates  a maximum  stress  of  7,900  ps  i at  about  60|  at  the  airfoil  leading 
edge . 

Stress  Summary 

As  indicated  previously,  all  of  the  TAMP  finite  element  results  present 
Gaussian  stresses  approximately  halfway  between  the  center  and  the  surface 
calculated  at  takeoff  conditions  and  a rated  rotor  speed  of  13,266  rpm.  The 
maximum  surface  stresses  were  calculated  by  assuming  a linear  stress  distri- 
bution across  the  thickness  of  the  blade.  The  adjusted  maximum  surface 
stresses  are  70,500  psi  radial  and  15,000  psi  chordwise.  By  increasing  the 
steady  state  operating  stress  on  the  Goodman  diagram,  the  allowable  vibratory 
stresses  must  be  decreased.  A summary  of  these  adjusted  stress  levels  is 
presented  in  Table  15. 

It  was  also  desirable  to  obtain  stresses  at  all  four  of  the  design  point 
operating  conditions.  The  additional  three  conditions  would  have  required 
five  more  finite  element  analyses  (vibratory  stresses  are  not  required  for 
overspeed  and  burst  conditions),  but  this  was  beyond  the  scope  of  this  program. 
Hov-jever,  a reasonable  apnrox  imat  ion  can  be  obtained  by  scaling  the  stresses  up 
in  proportion  to  the  rotor  speed  increase  and  down  in  proportion  to  the  modulus 
of  elasticity  decrease.  These  scaled  stresses  are  also  presented  in  Table  15. 


STRESS  REQUIREMENT  SUMMARY 


BIRD  IMPACT  ANALYSIS 


I . 


The  purpose  of  this  study  was  to  determine  analytically  the  blade  dynamic 
impact  response  for  various  bird  impact  conditions.  The  approach  taken  was  to 
estimate  the  most  severe  bird  impact  conditions  for  the  JlOl  B-Al  stage  1 fan 
blade.  Using  these  severe  conditions,  four  cases  were  identified  which  would 
identify  stress  and  deflection  as  a function  of  bird  size,  incidence  angle  and 
relative  velocity. 

JIOI  Bird  Impact  Characteristics 


The  JIOI  engine  has  inlet  guide  vanes  (iGV's)  upstream  of  the  first  stage 
fan  blades.  The  trailing  edge  of  the  IGV's  is  approximately  0.5  inch  upstream 
of  the  leading  edge  of  the  fan  blade.  Figure  51  shows  a front  view  of  the 
IGV's  and  the  largest  diameter  bird  that  can  pass  through  the  IGV's.  At  the 
root,  adjacent  to  the  spinner,  the  largest  bird  that  can  pass  through  is  6.5 
ounces.  At  the  mid-span  and  70S  span,  the  bird  sizes  which  can  pass  through 
are  16  ounces  and  25  ounces,  respectively. 

Using  the  bird  sizes  identified,  the  bird-blade  impact  conditions  were 
calculated  at  the  1 7S , SOZ  and  70S  blade  heights  as  a function  of  aircraft 
velocity.  Figure  52  schematically  shows  the  top  view  of  the  blade  and  the  bird 
velocity  vectors.  It  was  assumed  that  the  bird  axial  velocity  was  equal  to 
the  aircraft  velocity  and  the  maximum  bird  slice  would  be  taken  by  the  blade. 

The  bird  v;as  assumed  to  be  an  ellipsoid  slided  perpendicular  to  its  major  axis; 
the  slice  is  taken  from  the  center  of  the  bird.  Figure  53  shows  the  number  of 
blades  that  could  be  impacted  by  various  size  birds  at  the  70S  span  location. 

In  the  analysis  presented  herein,  the  largest  weight  sliced  perpendicular  to 
the  major  axis  is  being  considered. 

Figure  5^  shows  the  largest  bird  slice  weight  as  a function  of  bird  weight 
and  JIOI  aircraft  velocity.  Also  shown  are  the  radii  of  the  birds.  Figure  55 
shows  the  bird-blade  impact  parameters;  i.e.,  bird  slice  weight  (Wg) , relative 
velocity  (Vr) , incidence  angle  ( ),  and  bird  slice  thickness  to  diameter  ratio 
(ts/Ds)  as  a function  of  aircraft  velocity  for  a 25  ounce  bird  impacting  the 
JIOI  blade  at  the  70S  span  location.  These  parameters  were  used  to  calculate 
the  change  in  bird  slice  momentum  normal  to  the  airfoil  at  the  impact  span  and 
the  change  in  bird  slice  kinetic  energy  as  a function  of  aircraft  velocity  for 
the  \J/o,  50%  and  70%  blade  span  heights.  These  calculations  are  summarized  in 
Figures  56  and  57,  respectively.  Note  that  the  peak  magnitude  of  the  change 
in  momentum  (..Mn)  is  high  for  all  three  span  locations,  however,  the  peak  occurs 
at  different  aircraft  speeds.  The  change  in  bird  slice  kinetic  energy  (iK)  has 
similar  characteristics,  but  its  peaks  occur  at  different  aircraft  velocities 
than  the  ,,Mn.  Conditions  analyzed  are  summarized  in  Table  16  and  Figure  58. 

It  has  been  found  in  QCSEE  blade  studies  that  measured  blade  impact 
stresses  correlated  with  changes  In  bird  slice  kinetic  energy.  Since  the 
present  effort  addresses  the  calculation  of  blade  impact  transient  stresses 
and  deflections,  a K correlation  will  also  be  used. 
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IMPACT  CONDITIONS  SELECTED  FOR 
DYNAMIC  IMPACT  ANALYSIS 


Case 

No. 

V 
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(ft/sec) 
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TAMP  Impact  Analysis 


The  bird  impulse  actituj  on  the  blade  is  a critical  cons i dei a t i on  in  the 
impact  analysis.  Investigations  have  indicated  that  a leal  bird  behaved  like 
a fluid  body  when  impacted  by  a blade.  The  pressure,  contact  area  and  forces 
resulting  from  a fluid  bird  were  calculated  as  a function  of  impact  duration. 
The  required  parameters  were  then  determined  for  input  into  ’.he  nonlinear 
dampened  spring,  lump  mass  system  in  the  TAMP  finite  element  computer  program 
to  simulate  the  force-time  characteristics  of  the  fluid  bird. 


Two  cases  considered  a 0.9  ounce  slice  from  a 3 • oitncc  bird  and  a 3-5 
ounce  slice  from  a 25.0  ounce  bird  botfr  impacting  the  blade  at  75<5  span  with 
a bird  velocity  of  400  ft/sec.  The  fluid  bird  impinging  on  the  blade,  shown 
in  Figure  59,  is  a cylindrical  slice.  The  lesullanl  pressure  on  the  blade  is 
determined  by  the  equation: 


P 


2 


2 


where  2 

p = pressure  on  blade,  lt>/ft 
p = bird  density,  Ib/ft^ 
g = gravitational  constant,  ft/sec 

V.,  = velocity  bird  normal  to  blade,  ft/sec 
N 

The  calculated  pressure  is  constant  for  the  impact  duration  and  independent 
of  the  bird  and  slice  sizes.  An  adjusted  pr essure-t ime  curve  was  obtained  by 
selecting  a profile  from  literatirre  data(IO)  and  by  setting  tite  area  under  the 
calculated  curve  equal  to  the  orea  itnder  this  adjusted  curve  shown  in  Figure  60. 
The  area  of  the  bird  in  contact  with  the  blade  for  tire  duration  of  the  impact 
was  calculated.  The  bird  force  acting  on  the  blade  c.'as  then  determined  from 
the  pressures  and  contact  area. 


The  TAMP  analysis  assumes  that  the  bird  slice  is  a lump  mass  connected  to 
the  blade  by  a nonlinear  dampener  and  a spring  as  indicated  in  Figure  61.  This 
system  provides  a time  dependent  force  function  which  traverses  the  blade  chord 
along  a line  of  nodal  points  at  a specified  relative  velocity. 


A total  of  twelve  transient  impact  cases  were  run  on  the  TAMP  analysis  with 
a matrix  of  various  coefficients  of  dampening  and  spring  constants.  The  impact 
forces  as  a function  of  time  for  the  selected  system  variables  are  compared  to 
the  results  of  the  fluid  bird  analysis  in  Figure  62.  The  area  irnder  the  two 
curves  is  approximately  equal  although  the  profiles  are  ilifferent.  The 
differences  in  the  curves  are  due  to  the  rigid  blade  assumed  in  the  fluid  bird 
model  and  the  elastic  blade  considered  in  the  lAMP  model.  Also,  the  entire 
bird  slice  mass  is  concentrated  in  the  TAMP  rntrdel  whereas  the  fluid  bird  model 
considers  a variable  slice  mass  as  the  blade  cuts  through  the  bird. 


The  results  of  the  bird-blade  interaction  study  v.ere  used  to  iibtain 
transient  impact  results  for  a 3.0  and  a 25  ounce  bird  impact  at  JSt  span  of 
the  J10I  stage  1 B-AI  fan  blade.  Ttie  absolute  values  c.f  the  stresses  calculateu 
using  the  dynamic  impact  analyses  are  not  significant  due  to  the  small  deflection 
elastic  material  assumptions  incorporated  in  the  piogram.  Hovft'Vi;r,  it  dues 
yield  useful  information  with  regard  to  the  relative  effects  of  different  impact 
parameters . 


Figure  60.  JlOl  Stage  1 Bird-Blade  Interaction  Pressure  Correction 


Figure  61.  JlOl  Stage  1 B/Al  Blade  TAMP  Bird  Impact  Analysis 


461.84  psl 


The  dynamic  impact  analysis  is  a subroutine  of  TAMP  which  uses  the 
influence  coef f i c i eri t s determined  in  the  frequency  and  steady  state  stress 
analysis  case.  The  TAMP  finite  element  program  is  limited  to  an  elastic 
analysis  based  on  small  deflection  theory.  This  analysis  assumed  the  blade 
was  fixed  at  the  centerline  of  the  dovetail  pressure  face. 

This  analysis  also  assumed  that  the  bird  slice  was  a single  concentrated 
mass  traversing  along  one  chord  line  or  "wipe  line."  The  results  of  the  3-0 
ounce  starling  impact  case  showed  the  local  and  root  stresses  to  be  very  high; 
i.e.,  in  the  150,000  ps i range.  The  very  high  root  stresses  were  not  of  major 
concern  because  the  swing  root  feature  had  not  been  incorporated  into  the 
model.  However,  the  local  stress  appeared  high.  Similar  dynamic  analysis 
performed  on  the  Q.CSEE  and  F103  fan  blades  was  reviewed  in  an  attempt  to 
determine  what  may  be  wrong  with  the  run  or  model.  The  only  anomaly  that 
could  be  identified  was  the  method  of  inputing  the  bird  loading.  All  earlier 
vvork  had  also  used  the  single  wipe  line  approach,  but,  in  those  analyses,  the 
blade  was  very  large  compared  to  the  bird.  Furthermore,  the  blade  materials 
were  quite  soft  relative  to  B-Al.  It  was  concluded  that  the  program  had  to 
be  refined  to  allow  a more  realistic  method  of  wiping  the  impact  force  across 
the  blade  for  the  JlOl  blade.  The  problem  apparently  arises  because  of  the 
short  span  length  of  the  JlOl  blade  and  the  stiffness  of  the  B-AI.  The 
starling  slice  that  was  being  evaluated  was  2.lA  inches  diameter  and  0.53 
inches  thick.  As  this  real  slice  passes  across  the  blade,  it  is  in  contact 
with  approx ima te I y ISl  of  the  airfoil  span.  However,  the  single  line  swipe 
model  concentrates  the  force  along  a single  line  which  msults  in  steep 
gradients  locally.  Simulation  of  the  25  ounce  bird  impact  was  even  more 
pessimistic  as  the  bird  is  in  contact  with  nearly  55?i  of  the  airfoil  span. 

Impact  Analysis  Results 

The  stress  components  at  each  nodal  point  were  defined  in  Figure  34. 

The  results  of  the  dynamic  impact  analysis  are  presented  in  the  form  ot  curves 
of  stress  and  deflection  as  a function  of  time.  A complete  presentation  of 
all  stress  and  deflection  components  at  each  nodal  point  would  require  approxi- 
mately 3000  curves  per  impact  case.  This  massive  volume  of  data  makes  the 
presentation  and  interpretation  of  the  results  tedious  and  difficult. 

A few  of  the  more  significant  results  from  the  3-0  and  25  ounce  bird 
impact  analyses  are  shown  in  Figures  63  through  68.  The  general  shape  of  the 
djf lection  and  stress  curves  are  the  same  for  both  cases  except  the  amplitudes 
■■or  the  25  ounce  bird  impact  are  about  30'4  to  100/  higher  than  the  amplitudes 
or  the  3 ounce  bird  impact.  The  25  ounce  bird  slice  mass  is  nearly  300% 
higher  than  the  3 ounce  bird. 

The  analysis  indicates  that  all  of  the  stress  components  in  the  impact 
area  of  the  blade  exceed  the  B-Al  material  properties  for  a 3 ounce  starling 
strike.  Due  to  the  limitations  and  assumptions  of  the  analytical  technique, 
the  absolute  stress  values  are  pessimistic.  It  is  not  certain  at  this  time 
that  the  blade  would  fail  locally  from  a starling  impact. 

The  analysis  is  most  useful  in  hypothesizing  failure  modes.  As  shown  in 
Figure  69  and  summarized  in  Table  17.  three  critical  points  during  the  starling 
impact  were  investigated.  Approximately  100  microseconds  after  the  initial 
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bird  contact,  the  spanwise  bending  stresses  increase  to  AGO  ks i in  the  blade 
leading  edge  at  the  center  of  the  bird  which  would  initiate  a tensile  crack 
in  the  leading  edge.  As  the  bird  traverses  the  blade,  the  spanwise  bending 
stresses  reach  300  ks i at  the  airfoil  maximum  thickness  and  kSO  ksi  at  the 
trailing  edge.  These  stresses  would  propogate  tfie  crack  across  the  blade  and 
the  outer  panel  would  be  lost.  Although  the  elastic  analysis  predicts  16  ksi 
interlaminar  shear  stresses  in  the  leading  edge,  delamination  probably  would 
not  occur  as  those  shear  stresses  r/ould  be  relieved  by  the  crack. 

If  a material  of  sufficient  impact  strength  was  used  in  the  leading  edge, 
the  failure  mode  of  the  blade  could  be  altered.  The  leading  edge  material 
must  have  sufficient  strength  and  ductility  to  provide  5000  Ib/in^  area  under 
the  stress-strain  curve  as  shown  in  Figure  70.  The  leading  edge  spar  must 
extend  approximately  1/2  inch  chordwise  where  the  bending  stress  has  diminished 
to  250  ksi  to  avoid  a failure  in  the  B-Al.  In  addition,  the  B-AI  shear  strength 
must  be  less  than  12  ksi  to  initiate  delamination  at  the  airfoil  maximum 
thickness  section.  As  the  bird  slice  wipes  across  the  blade,  at  I4OO  microseconds 
the  delamination  will  propogate  to  the  airfoil  tip  and  relieve  the  300  ksi 
calculated  elastic  bending  stress.  As  tlie  bird  leaves  the  blade  at  500  micro- 
seconds, the  delamination  must  be  sufficient  to  relieve  the  high  trailing  edge 
bending  and  1 AO  ksi  chordwise  bending  stress  in  the  airfoil  tip.  If  the 
delamination  does  not  relieve  these  stresses,  a chordwise  crack  could  initiate 
at  the  trailing  edge  and  extend  to  a radial  crack  extending  from  the  tip  to 
cause  loss  of  the  trailing  edge,  tip  section  of  t ne  airfoil. 

To  summai'ize  the  dynamic  impact  analysis,  at  the  leading  edge  point  of 
impact  the  tensile  and  shear  stress  are  greater  ttian  the  material  strength  for 
even  the  3 ounce  bird,  although  the  high  absolute  stress  values  are  most  likely 
due  to  the  method  of  concentrating  the  bird  mass  at  a single  line.  The  stresses 
increased  with  bird  size,  liowever,  the  increase  vvas  much  less  than  the  increase 
in  mass  of  the  bird  slice.  Peak  radial  and  chordal  tensile  stresses  (',  and  O2) 
and  interlaminar  shear  stresses  (1^2  occurred  within  0.2,, 

seconds  of  the  impact  initiation.  Peak  ^ deflection  was  the  same  and  occurred 
at  the  same  time  after  impact  for  both  cases. 

At  the  cord  center  at  754  span,  the  peak  radial  and  chordal  tensile  stress 
and  interlaminar  shear  stresses  also  exceed  material  strengths.  Peak  stresses 
occur  as  the  bird  slides  to  the  cord  center.  Again  the  stress  increase  with 
bird  size  is  less  than  the  increase  in  bird  slice  mass.  Maximum  deflection 
occurs  after  the  peak  stress  and  is  less  than  that  of  the  leading  edge. 

At  the  blade  tip  and  cord  center,  only  the  chordal  tensile  and  interlaminar 
shear  stresses  exceed  material  strength.  These  maximum  stresses  occur  while  the 
bird  is  moving  between  the  midspan  and  trailing  edge. 


SECTION  V 


SUMMARY  AND  CONCLUSIONS 


The  TRW  rapid  air  bonding  process  which  uses  fully  dense  monotapes,  a 
surface  preparation  to  promote  localized  plastic  deformation,  and  a rapid 
bonding  cycle  has  been  successfully  employed  to  produce  composites  from  1100, 
202A  and  606l  aluminum  alloys.  Mechanical  properties  have  been  comparable  to 
vacuun>  bonded  material  and  no  weakness  or  contamination  has  been  associated 
with  the  air  bonded  ma t r i x-ma t r ix  bond  line.  The  tape  surface  treatment  has 
allowed  tite  use  of  low  bonding  temperatures  and  appears  to  provide  a mechanism 
for  increasing  filament-matrix  strength  when  used  in  primary  fabrication. 

The  cycle  and  procedures  established  are  directly  applicable  to  blade  fabri- 
cation. Excellent  impact  properties  were  obtained  with  h6  ft-lb  full  size 
Charpy  and  65-101  ft-lb^  for  miniature  Charpy  for  the  ±15°  8 mil  B-1100  system. 
The  air  bonding  process  also  provides  an  appreciable  production  cost  saving. 

Each  composite  system  tested  was  amenable  to  air  bonding  but  had  distinct 
characteristics  influencing  the  appropriate  fabrication  parameters.  The  1100 
system  has  the  grea test  energy  absorbing  capability  through  the  mechanism 
filament  pullout  and  shearing.  The  factors  which  produce  energy  absorption 
reduced  those  strength  properties  which  depend  upon  the  filament  matrix  bond 
strength,  such  as  shear.  Fabrication  conditions  were  selected  to  balance  these 
properties.  The  2021*  system  was  almost  the  oppostite,  providing  a very  strong 
chemical  bond  between  filament  and  matrix  with  high  strength  and  low  impact. 

In  this  case  emphasis  in  fabrication  was  placed  upon  increasing  impact.  The 
606l  system  had  consistently  high  strength  but  the  Charpy  impact  was  low. 

No  variation  in  processing  was  employed  for  6061. 

An  important  aspect  of  the  program  was  the  ability  to  combine  matrix 
alloys  to  tailor  properties  for  the  desired  application.  The  utility  of 
hybrid  materials,  selective  matrix  variation,  or  a bi-metal  construction  where 
the  root  and  tip  of  a blade  are  of  different  alloys  could  be  of  great  benefit 
in  improving  the  blade  strength  and  impact  performance. 

Because  boron-aluminum  is  processing  sensitive  and  because  one  property 
is  frequently  obtained  at  the  expense  of  another,  it  is  important  to  define  the 
requirements  of  the  product  required.  The  analysis  of  the  J-101  blade  by  G.E. 
was  performed  in  conjunction  with  fabrication  development  to  provide  realistic 
property  goals. 

It  was  found  that  the  calculated  design  operating  condition  stresses  were 
high  for  tlie  8 mil  diameter  boron/1100  aluminum  materials  characterized  in  the 
material  development  part  of  the  program.  However,  the  highly  stressed  areas 
are  quite  localized  in  the  blade  and  it  appears  that  these  stresses  can  be 
reduced  to  significantly  lower  levels  by  refining  the  design  in  several  areas. 

The  high  radial  and  chordal  tensile  stresses  are  surface  stresses  caused 
by  bending  moments  induced  by  the  large  blade  twist  angle  and  a relatively  low 
tm/c.  It  is  anticipated  that  these  local  high  stresses  can  be  reduced  by 
redefining  the  blade  tm/c. 

The  three  local  areas  of  higli  shear  stress  are  located  at  the  airfoil 
root  leading  and  trailing  edges.  These  high  stresses  are  the  result  of  severe 
geometric  transitions  into  the  shank  and  dovetail.  Similar  problems  have  been 
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encountered  in  the  past  and  have  been  reconciled  by  reducing  the  severity 
of  the  transitions.  No  major  problems  are  anticipated  in  reducing  these  shear 
stresses  substantially. 

The  stresses  calculated  for  a bird  impact  were  well  in  excess  of 
boron-aluminum  strength.  However,  the  absolute  magnitude  of  these  stresses  is 
in  doubt  because  of  the  bird  loading  model  employed.  Of  significance  was  the 
stress  distribution,  which  correlate  with  failure  observed  in  whirling  arm  tests, 
and  the  observation  that  increase  in  stress  was  less  than  the  increase  in  bird 
slice  mass . 
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